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Abstract 
Float glass was chosen as precursor material to generate protective coatings on 
concrete structures against chemical attack. The method of application was flame 
spraying.  
The feedstock for flame spraying was in form of powders. The preparation 
methods (dry ball milling and spray drying) affected the morphology, the particle size 
distribution and the spray ability of the coating powders. Compared to as-sprayed 
coatings from dry ball milled powders, coatings from the spray dried powders had a 
more favorable performance. No obvious open pores existed and a better adhesive 
performance was obtained. Influences of the process parameters (spraying distance and 
preheating) were evaluated based on the morphology of the as-sprayed coatings, 
indicating that a combination of 50 mm spraying distance and 500 °C preheating led to a 
dense coating and sufficient adhesion. The tensile bonding strength and the corrosion 
resistance of the coatings were investigated. Failures in the tensile strength test 
occurred in the upper part of the concrete, indicating sufficient bonding strengths 
between the as-sprayed coatings and the substrates. In corrosion tests, the as-sprayed 
coating from a powder SD33, spray dried powder from a water-based suspension 
having 33 wt.% glass content, completely inhibited the penetration of the H2SO4 solution 
going through the coating into the concrete. Furthermore, after 7 days of exposure to the 
acid solution, no corrosion phenomena were found in the samples, indicating the 
extraordinary corrosion resistance of this coating. 
Two mechanisms are responsible for pore formation in the flame sprayed glass 
coatings: Pores are formed from the entrapped gas. They are normally round and small, 
and the edges of those pores are smooth. Another mechanism is pore formation due to 
a lack of liquid from the molten deposits to fill the interstices between the overlapping 
splats; the interstitial pores are normally bigger (over 100 µm), and have an irregular or 
round shape with sharp edges. Porosity of the coatings is measured by image analysis, 
whereby an easy method has been developed to transfer the measured 2D images into 
3D porosity. It is found that the coating from the powder SD33 possesses the lowest 
porosity.  
  
  
 
Zusammenfassung 
Floatglas wurde als Ausgangsmaterial gewählt, um Schutzbeschichtungen gegen 
chemischen Angriff auf Beton zu erzeugen. Die Methode der Applikation war 
Flammspritzen. 
Als Ausgangsmaterial für das Flammspritzen dienten Glaspulver. Die 
Herstellungsverfahren des Pulvers (Trockenmahlung in der Kugelmühle und 
Nassmahlung mit anschließender Sprühtrocknung) beeinflussten die Morphologie, die 
Teilchengrößenverteilung und die Sprühfähigkeit der Pulver. Im Vergleich zu gespritzten 
Schichten aus trocken gemahlenem Pulver lieferten Beschichtungen aus dem 
sprühgetrockneten Pulver bessere Ergebnisse. Es existierten keine offensichtlichen 
offenen Poren und eine bessere Haftung wurde erzielt. Einflüsse der Prozessparameter 
(Sprühabstand und Vorwärmen) wurden aufgrund der Morphologie der gespritzten 
Beschichtungen analysiert. Es zeigte sich, dass eine Kombination von 50 mm 
Spritzabstand und 500 °C Vorwärmung zu einer dichten Beschichtung und 
ausreichender Haftung führt. Die Haftzugfestigkeit und die Korrosionsbeständigkeit der 
Schichten wurden untersucht. Ausfälle im Zugversuch traten im oberen Teil des Betons 
auf, was auf eine ausreichende Haftung zwischen Beschichtungen und den Substraten 
schließen lässt. Korrosionstests haben gezeigt, dass die Beschichtung aus Pulver SD33, 
sprühgetrocknetes Pulver aus einer wässrigen Suspension mit 33 Gew.% Glasanteil, 
das Eindringen der H2SO4-Lösung durch die Beschichtung in den Beton vollständig 
hemmt. Außerdem wurden nach 7 Tagen Penetration mit saurer Lösung keine 
Korrosionserscheinungen in den Proben gefunden, was die außerordentliche 
Korrosionsbeständigkeit der Beschichtung verdeutlicht. 
Zwei Mechanismen sind verantwortlich für die Bildung von Poren in der 
flammgespritzten Glasbeschichtung: Zum einen werden die Poren aus dem 
eingeschlossenen Gas gebildet. Sie sind in der Regel rund und klein, und die Ränder 
dieser Poren sind glatt. Ein weiterer Mechanismus ist Porenbildung aufgrund des 
Fehlens von Flüssigkeit aus den bereits geschmolzenen Anteilen, um die 
Zwischenräume zwischen den überlappenden festen abgeflachten Partikel zu füllen; die 
interstitiellen Poren sind in der Regel größer (über 100 µm) und haben eine 
unregelmäßige oder runde Form mit scharfen Kanten. Die Porosität der Schichten 
  
 
wurde mit Hilfe von Bildanalyse gemessen, wodurch eine einfache Methode entwickelt 
worden ist, um die gemessenen 2D-Bilder in 3D Porosität zu übertragen. Es konnte 
festgestellt werden, dass die Beschichtung aus dem Pulver SD33 die niedrigste 
Porosität aufweist. 
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1. Introduction and motivation 
Concrete is the most widely used construction material for sewer pipes applied in 
waste-water systems, in which the environment can be significant harsh resulting in a 
fast degradation of the concrete. In the worst situation, the degradation can be in the 
order of several millimeters per year. Deterioration of the concrete sewer may result in 
serious problems such as loss of ability to transport sewerage, contamination of the 
ground and even surface subsidence. Much research has been done about the 
mechanism of the chemical attack on the concrete in waste water systems. The most 
typical one is the concrete deterioration by biologically produced sulphuric acid1, 2. Firstly, 
in the anaerobic condition of the wastewater, sulfate reducing bacteria convert sulfates 
(SO42-) into sulfides such as hydrogen sulphide (H2S) gas, and then in favorable 
conditions, the gas diffuses into the atmosphere above the water. Secondly, due to the 
alkalinity of the concrete, there is a relatively high pH moist layer around the concrete 
pipe above the waterline, and at this high pH level, the H2S gas is absorbed into the 
surface of the concrete and separated into HS- or S2-, which attracts more H2S into the 
moisture layer. In turn further H2S decomposes. The increase of H2S absorption 
decreases the pH of the concrete, which may make it become susceptible to attack. 
Thirdly, in the presence of oxygen above the water line, the concentrated H2S reacts 
with oxygen to form elemental sulphur. The thiocacillus bacteria oxidize the sulphur to 
form sulphuric acid (H2SO4). Thus the biologically produced sulphuric acid is formed. It 
has been identified that this biologically produced H2SO4 is the most typical corrosive 
agent in corroding the concrete in waste water systems.  
Next, H2SO4 reacts with calcium hydroxide (Ca(OH)2) in the concrete to form 
gypsum (CaSO4∙2H2O), eq. 1.1. Ca(OH)2 + H2SO4 → CaSO4 + 2H2O → (CaSO4 ∙ 2H2O) 1.1 
In the course of the attack, gypsum reacts with tricalcium aluminate (3CaO∙Al2O3) 
to form ettringite ((CaO)3∙(Al2O3)∙(CaSO4)3∙32H2O), eq. 1.2. (CaSO4 ∙ 2H2O) + 3CaO ∙ Al2O3 + 26H2O → (CaO)3 ∙ (Al2O3) ∙ (CaSO4) ∙ 32H2O 1.2 
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It is shown in Fig. 1.1 that the white substance above the water line is due to the 
formation of gypsum. The formations of gypsum and ettringite are expansive processes 
which lead to a cohesive loss of the cement matrix, and to possible expansion, cracking, 
spalling of the concrete. 
 
 
Fig. 1.1. Degradation formation (gypsum) on the concrete in the waste 
water system2. 
Therefore, it is necessary to protect the inner site of the concrete pipes used in 
the wastewater systems from the harmful environment. Various organic coatings were 
already utilized on the concrete and evaluated according to their bonding and anti-
corrosion performance. Regarding the problems of organic coatings (high cost, durability 
problem, environmental pollution), glass could be a promising alternative coating 
material due to its low cost, chemical stability and environmental friendliness.  
Conventional technologies using a furnace cannot be applied to produce an on-
site glass coating to the concrete pipes. Thermal spraying is a probable option due to its 
high flexibility in operational environment. It has been widely used to deposit glass or 
glass based composite coatings onto diverse substrates. Among different kinds of 
thermal spraying, flame spraying is commercially outstanding due to its simple 
equipment and low energy cost. However, there is hardly any studying about glass 
coating applied by flame spraying onto non-metallic substrate against chemical attack.  
In this work, the goal is to apply a glass coating with flame spraying onto the 
concrete surface against sulfuric acid corrosion. A commercial float glass has been 
chosen as the raw coating material instead of a specifically designed glass composition. 
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Besides, sodium silicate (water glass) is used as the bonding layer material. Flame 
spraying technology is applied here to produce the coating on the concrete, and the 
coating materials are in the form of powder. To analyze the correlation between the 
powder characteristics and the resulted coating, the preparation of the coating powders 
is divided into two ways: dry mechanical milling and wet milling with sequent spray-
drying. The effect of process parameters, like preheating temperature, spraying distance, 
is investigated to optimize the as-sprayed glass coatings in terms of phase composition, 
morphology, bonding strength to the concrete substrate and capability of anti-corrosion.  
In chapter 2, the status of study in protective coatings, coating technologies, 
required properties of coatings is introduced. In chapter 3, the experimental procedure is 
presented. Results are listed in chapter 4, including characterization of the coating 
powders, characterization of the as-sprayed glass coatings produced with the different 
process parameters, effect of the bonding agent, comparison of the as-spraying coatings 
from the different coating powders, properties analysis consisting of the tensile bonding 
strength and the performance of corrosion resistance. Chapter 5 is the discussion 
composed of optimization of powder preparation, mechanisms of pore formation and 
porosity measurement, and influence of process parameters. Chapter 6 and 7 are the 
conclusion and prospect, respectively. 
2. Status of the art 
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2. Status of the art 
2.1. Protective coatings 
2.1.1. Status of protective coatings for concrete 
Application of protective coatings on concrete has received much attention. Most 
researches focused on utilizing an organic substance as coating material, such as 
rubber, epoxy, polyurethane, etc. 
Swamy et al. 3  applied a coating from acrylic rubber to protect the concrete 
structure from the aggressive environment. The result showed that this coating could 
prevent penetration of water, air, and chloride ions into the concrete.  
Delucchi et al.4 pointed out that water permeability was a fundamental factor to 
evaluate the performance of protective coatings, because concrete is porous so that it is 
sensitive to a lot aggressive agents soluble in water. The authors compared the water 
permeability rates of four organic coatings on the concrete with two different methods. 
The first consisted in measuring the mass increase of the coated concrete brick as a 
function of time after exposure to the water; and the water permeability was calculated 
using the following equation 2.1: w1 = m1S1  2.1 
where w1 (g/cm2⋅h-0.5) was the water transmission rate, m1 (g⋅h-0.5) was the slope of the 
linear part of the plot of weight versus the square root of time, S1 (21 cm×11 cm) was 
the area of the coated surface facing to the water. 
The second test was applied using a set-up as shown in Fig. 2.1. The water 
penetration into the Samples was monitored by recording the level of the water in the 
column (ø 6 mm). The water transmission rate was calculated according to the equation 
2.2: w2 = m2∙ScSs  2.2 
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where w2 (g/cm2 per h0.5) again was the water transmission rate, m2 (mm/h0.5) was the 
slope of the linear part of the plot of the column height versus the square root of time, Ss 
(44 cm2) was the area of the coated surface facing to the water; Sc (28 mm2) was the 
column cross-section. Results showed that rankings of the four coatings in terms of the 
water transmission rate were the same in both tests, but the small diameter of the 
column made the second test very sensitive to the effect of the water penetration, 
allowing to distinguish different coatings with only slight differences in the water 
permeability. 
 
Fig. 2.1. Testing apparatus for the evaluation of the water transmission 
rate of coatings in the studying by Delucchi et al.4. 
Vipulanandan et al.5 adopted a glass-fiber mat-reinforced epoxy coating onto the 
concrete structure. The lifetime of the coated concrete in 3% sulfuric acid could be 
extended by more than 70 times. Subsequently, the authors applied four commercially 
available epoxy-based coatings onto dry and wet concrete substrates, respectively. Two 
tests were used to compare the tensile bonding strength of the coatings to the concrete. 
The most promising result was that the epoxy coatings had a good bonding strength 
(>1.3 MPa) to both dry and wet concrete structures during 2 years of testing period6. 
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The study by Al-Zahrani et al.7 compared protective coatings on steel-reinforced 
concretes based on their physical properties including water absorption, water 
permeability, chloride permeability and adhesion. In an accelerated corrosion test, a 
polyurethane based coating performed best, followed by a cement based polymer-
modified coating, an epoxy-based coating and a cement-based coating in descending 
order.  
Another study 8 compared the protecting performance of epoxy, polyurethane, 
acrylic, polymer, and chlorinated rubber coatings for the concrete in terms of water 
absorption, chemical resistance, chloride permeability and chloride diffusion. The results 
indicated that epoxy and polyurethane coatings were the best in decreasing the water 
absorption into the concrete, and the concrete substrates protected by these two 
coatings were also found relatively intact (only corners of the specimens damaged) after 
60 days immersed in 2.5% sulfuric acid. The least coefficient of the chloride diffusion 
was measured in the concrete specimen coated with polyurethane followed by epoxy, 
acrylic and last rubber. 
In summary, researches of the organic protective coatings for the concrete 
substrates found that among various organic materials polyurethane and epoxy based 
coatings performed best against the chemical attack. However, it is unavoidable that the 
solvent-borne or water-borne organic coatings bring an environmental pollution because 
of volatile organic compounds (VOC) emission. A report9 about concrete corrosion in the 
Hamburg sewer system said that the concrete pipes were destroyed to a depth > 6 cm 
within four to six years, although they had been coated with a thin layer of epoxy resin 
prior to application; up to 50% of the corroded concrete wall consisted of gypsum. This 
shows that the organic coatings have a durability problem. In addition, the high cost of 
the organic coatings limits large scale application. Therefore, it becomes senseful and 
challenging to find an alternative material for protective coatings on concrete.  
2.1.2. Application of glass coatings 
Glass has been proposed as environmental barrier material for coatings on 
metallic or ceramic substrates. Significant works have been done on bioactive glass 
coatings to promote osteointegration and stability of titanium or titanium alloy implants. 
Schrooten et al. 10  produced an economical bioactive glass (BAG) coating from a 
2. Status of the art 
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composition (in wt.%): 52.0 SiO2, 30.5 CaO, 9.8 Na2O, 6.2 P2O5 and 1.5 CaF2, for 
Ti6Al4V oral implant by plasma-spraying. The authors found that the adhesive strength 
of the resulting BAG coating was sufficient for a load-bearing oral application even after 
an in vitro reaction time of two months.  
In a study by Kim et al.11, coatings of calcium and phosphate-based glasses 
(xCaO-(0.55-x)Na2O-0.45P2O5) mixed with hydroxyapatite (HA) were applied on the 
ZrO2 substrate by enameling technique. The effects of the glass composition (x=0.3, 0.4, 
0.5 mol), of the ratio of glass to the HA, and of the enameling temperature on the coating 
properties were analyzed. It was found that a completely dense structure was obtained 
at high glass addition (50 wt.%), using a glass with a low CaO content (x=0.3 mol), and 
a heat treatment above 800 °C for 2 h. Adhesion strengths of the composite coatings 
were much higher than those of pure HA coatings. 
Work by Peddi et al.12 described a bioactive glass from the system Na2O-CaO-
B2O3, modified by additions of SiO2, Al2O3 and P2O5. The authors produced a well-
adhered coating from this glass to titanium alloys by enameling. The resulting coating 
had an adhesive strength (36±2 MPa) and an excellent biocompatibility.  
Cannillo et al. 13 produced plasma-sprayed glass ceramic (apatite/wollastonite) 
coatings on titanium alloy substrates to increase their bioactivity after implantation into 
the body. The microstructure of the coatings possessed a lot of defects, such as pores 
and micro-cracks. A post-thermal treatment did not help to lower the porosity, but 
nevertheless was necessary to obtain crystalline phases in the glassy matrix to increase 
the mechanical properties of the coatings. 
Beyond the biomechanical field, glass and glass composite coatings have been 
used on other structures for coloring or for protection against high temperatures or 
corrosive environments. Tikkanen et al.14 produced a glass coating on a glass surface 
by flame spraying for coloring decoration. It was found that the glass coating had a good 
adhesion on the glass substrate. The sintering of the sprayed glass particles could be 
improved by using small particle sizes of the powders, and a coating glass with a low 
viscosity at spray temperatures.  
A glass-alumina composite coating was produced employing waste glass as a 
low-cost raw material15. The prepared glass powder, mixed with different percentages of 
alumina powder as reinforcement, was plasma sprayed on a stoneware substrate, and 
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both as-sprayed and thermally post heated coatings were investigated for properties, 
including vickers microhardness, facture toughness and abrasion resistance. The 
authors pointed out that the as-sprayed glass coatings were too defective to be of 
technical interest: The glass particles did not completely flatten on the substrate. So a 
sufficient amount of reinforcing alumina had to be added, at least 40%. Besides, in 
another case from this researching group, glass-ceramic coatings were produced by 
plasma spraying to protect ceramic tile. A CaO-ZrO2-SiO2 glass frit was the coating 
material 16 . Its chemical resistance was not well controllable, since a crystallization 
forming wollastonite in the coating during the post-thermal treatment lowered its 
chemical resistance. However, sintering and crystallizing the as-sprayed coatings were 
key requirements in the thermal treatment: Only after crystallization, a significant 
increase in all mechanical properties (Vickers microhardness, elastic modulus, fracture 
toughness) could be obtained. In turn, the abrasion resistance of the protective coatings 
could exceed that of stoneware. Besides, the interface adhesion of the as-sprayed 
coating to the ceramic substrate already appeared to be good, and post-thermal 
treatment even enhanced it. This was not only because the mechanical interlocking was 
promoted by viscous flow, but also because crystals grew from the substrate interface 
into the coatings. 
In the group of Miranzo et al17, a lot of works have been done to develop and 
investigate glass and glass-ceramic coatings via flame spraying. In one case, two 
refractory glass coatings from the compositions in the SiO2-Al2O3-Y2O3 system, namely 
66SiO2-22Al2O3-12Y2O3 mol.% and 50SiO2-30Al2O3-20Y2O3 mol.% (D), were in situ 
deposited on stainless steel substrates by flame spraying (oxy-acetylene flame). 
According to the phase diagram of the system SiO2-Al2O3-Y2O3 (Fig. 2.2), one 
composition (G) was situated in the glass forming zone; another composition (D) was in 
a zone of glass formation with partial crystallization. In both coatings, the splat 
morphology was disc shaped, and the splat diameters were 50 µm and 36 µm for G and 
D coatings, respectively. The porosity quantification indicated that the D coating had 
only 2 vol.%, comparing with 13 vol.% for the G coating, and the mean pore size was 3.0 
and 6.5 µm for G and D, respectively. Differences in the splat size and porosity between 
both coatings were related to the different glass transition temperatures and viscosities 
of the two compositions at spraying temperature. Glass G had a slightly lower viscosity. 
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This supported spreading upon impact leading to the larger splat diameter, and also 
explained the higher number of bubbles observed in the G coating, since gases were 
more easily trapped. Besides, the higher the density of the bulk glass, the denser was 
the as-sprayed coating. 
 
Fig. 2.2. Glass formation region in the system SiO2-Al2O3-Y2O317. 
Glass-ceramic coating was also applied by conventional enameling technique as 
an oxidation resistance bond layer between a plasma-sprayed yttria stabilized zirconia 
(YSZ) top coating and a nickel based superalloy substrate18.  
Functionally graded material (FGM) is characterized by gradual variation in 
composition and structure in space. It has been induced by application of the thermal 
sprayed glass coatings, since this is an efficient way to minimize the mismatch of the 
thermal expansion coefficient between coating material and substrate. For instance, 
glass-alumina graded coatings were produced via plasma spraying onto an alumina 
substrate 19 . The glass belonged to the system CaO-ZrO2-SiO2. Two different 
compositional gradients were developed: one reached from 100 vol.% alumina to 
100 vol.% glass; another reached from 80-20 vol.% glass to 100 vol.% glass. Results 
showed that it was only possible to sinter the glass, but not to crystallize it without 
delamination. However, when the coating already continued some glass at the very 
interface, it was possible to sinter and crystallize the glass phase to achieve enough 
mechanical properties. 
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In a previous research at our institute20, flame sprayed metal/glass coatings were 
applied onto a steel substrate (42CrMo4) to improve its chemical properties. Coating 
materials were powder mixtures of NiCr 80 20 and lab-made glasses. Minimization of 
the α mismatch between the substrate and the coating material by varying the content of 
glass and metal in the mixture constituted the basis for choosing the coating material to 
insure a good adhesion of the coating to the substrate. 
2.2. Coating technologies 
Coating technology is a discipline covering an extremely wide range. What we are 
discussing here is concerning thermal coating techniques only, mainly including 
conventional enameling technology using a furnace, sol-gel process with a consequent 
thermal treatment, and thermal spraying technology with various spraying guns. The 
conventional enameling process normally needs a relatively long time, and the applied 
temperature should be sustainable for the substrate so that its application to a concrete 
structure is not possible. Generally, the sol-gel process also needs a whole post-
treatment and produces only a thin film (several micrometers). 
Thermal spraying is a general term to describe all methods in which the coating is 
formed from melted or semi-melted droplets. In the thermal spraying technology, the 
precursor material is usually used in the form of powder, wire or rod, which is fed into an 
electric arc or a flame produced by a spraying gun, where the formed droplets are 
accelerated towards the substrate. Thermal and kinetic energy of the flame flux can be 
produced either with combustible mixtures of fuel gas and oxygen, or by using an 
electrical power source. Based on the energy source, the thermal spraying technology 
mainly consists of plasma-spraying, combustion flame spraying, high-velocity flame 
spraying (HVOF) and electrical arc spraying.  
2.2.1. Comparing thermal spraying techniques 
Many researches have compared these thermal spraying techniques, and mainly 
focused on the differences of their process parameters, such as velocity or flame 
temperature. In the work by Planche et al.21, NiCrBSi powder was sprayed successively 
with plasma, flame and HVOF spraying, respectively. The characteristics of in-flight 
particles were monitored (see in Fig. 2.3), and the results indicated that the highest 
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particle velocity was obtained for HVOF spraying, > 10 times superior to that obtained by 
flame spraying and about 3 times higher than that of plasma spraying. In contrast to the 
particle velocity, the lowest temperature of the impinging particles was found for HVOF, 
500 K under the flame spraying and about 100 K below plasma spraying. The 
understanding of the difference between the methods is intended to serve researchers 
and manufacturers a valuable resource for choosing an appropriate thermal spraying 
technology for particular coating materials and substrates.  
 
Fig. 2.3. Particle temperature versus velocity for three different coating methods21. 
Coating microstructures from the different spraying methods were also compared 
in this studying (Fig. 2.4). The coating obtained by flame spraying exhibited a structure 
having the thickest lamella and the largest pores. Using plasma spraying, most 
deposited particles flattened and the resulting coating also had a lamellar structure 
having a lower porosity than that of the flame sprayed coating. HVOF sprayed coating 
had a low porosity which could be probably related to the higher kinetic energy of the 
particles. 
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Fig. 2.4. Coating microstructures for three processes: (a) coating with 
flame process as sprayed, (b) coating with flame process after etching; (c) 
coating with plasma process as sprayed, (d) coating with plasma process 
after etching; (e) coating with HVOF process as sprayed, (f) coating with 
HVOF process after etching21. 
Paredes et al. 22  evaluated the splat morphologies of aluminium coatings 
deposited by flame spraying (FS), HVOF spraying, and electric arc spraying, 
respectively, and investigated the effect of the substrate roughness and the preheating 
temperature on the as-sprayed coatings. Increase in the substrate roughness decreased 
the adhesion strength of the coatings produced by flame spraying and arc spraying 
significantly, but did not affect the HVOF sprayed coating, because the higher velocity of 
the particles sprayed through HVOF resulted in an increase of their anchorage on the 
2. Status of the art 
13 
substrate. Besides, the pre-heating treatment on the substrate effectively increased the 
adhesion for all processes. 
Barbezat23 compared the thermal spraying technologies, which were applied to 
produce a wear-protective coating onto an engine block made of AlSi alloy. In this case, 
air plasma spraying (APS) had overall advantages compared to wire arc and HVOF, like 
a high versatility in choosing the coating materials, and higher reliability of particle 
melting. 
Bach et al.24 used laser-optical image velocimetry to compare particle velocity in 
the APS and the HVOF processes. In the HVOF spraying, the particle velocity depended 
primarily on the pressure in the combustion chamber; for the APS process, the most 
influent factors for the particles kinetics were the powder fraction and the trajectories 
strongly depending on the nozzle diameter of the powder injection and the mass flow of 
the carrier gas. 
To summarize thermal spraying techniques: In the HVOF spraying, the impinging 
particles have the lowest temperature and the highest velocity, so it is most probably 
used for the case that the coating material has a low working temperature and the 
roughness of the substrate surface is low. The APS spraying is always chosen for 
depositing ceramic or metal powders having high melting temperatures; the substrate 
should have high temperature endurance against overheating. Regarding to the coating 
material (float glass) and the substrate (concrete) in our studying, the flame spraying is 
the most suitable method because of the intermediate particle temperature and velocity 
obtained from flame spraying. The disadvantages related to the flame spraying, like the 
thick lamella or the pores, can be minimized by optimizing the process parameters and 
the preparation of the coating materials. 
2.2.2. Process parameters 
In the thermal spraying systems, much attention has been put to the analysis of 
the process parameters to microstructure correlation. In the work by Montavon et al.25, a 
flame-sprayed coating was applied onto a substrate made of hydraulic binder. Results 
indicated that the spraying distance was the most influential factor on the pore level of 
the as-sprayed coatings, since the transferred flame flux depended on the spraying 
distance: The higher the thermal flux, the lower was the viscosity of the coating materials, 
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and in turn: the better was the particle flattening upon impact, and the lower was the 
porosity. 
Çelik et al.26 produced an Al2O3 coating by plasma spraying onto a stainless steel 
substrate against H2SO4 corrosion, and found the roughness of the substrate initially 
increased with increasing grit-blasting time, and then decreased with further blasting. In 
turn the corrosion resistance of the coating was reduced due to a low surface roughness 
of the substrate, but increased considerably with decreasing porosity and coating 
thickness.  
Another study by Miranzo et al27. showed that the effect of the flame temperature 
on the microstructure of the flame sprayed CaZrO3 coatings. Oxy-acetylene flame 
spraying was applied as coating technique, and the flame temperature depended on the 
oxygen-to-acetylene ratio. The authors calculated the adiabatic temperature of the flame 
as function of the ratio, shown in Fig. 2.5.  
 
Fig. 2.5. Adiabatic flame temperature versus equivalence ratio for 
acetylene/oxygen flame combustion. Black symbols with numbers correspond 
to the experimental conditions in the studying27. 
Four different types of flames, corresponding to 4 black symbols in the 
temperature curve, were applied to deposit Ni powder as a bond layer and CaZrO3 
powder as a top coating onto stainless steel substrates. For a neutral flame (point 1, 
Fig. 2.5), the top surface of as-sprayed coating was very smooth with a few un-molten 
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particles. When the flame spraying temperature decreased from the point 2 to 4, a 
gradual reduction in the spreading behavior of the deposited particles was observed. 
Vickers microhardness of the as-sprayed top coatings decreased with increasing flame 
temperature. A model was developed to estimate the porosity θ of the ceramic coatings 
from the corresponding hardness H, if the hardness H0 for zero porosity was known, 
using the following expression (2.3): 
𝐻
𝐻0
= (1 − 𝜃)2𝑒−𝛽𝜃 2.3 
where H is the measured hardness and β is a constant depending on the coating 
material. The calculated results agreed with the density measured via water immersion. 
It is an innovative way to evaluate the porosity, a critical factor with thermally sprayed 
coatings. 
In the work by Babu et al.28, a molybdenum coating was applied onto a steel 
substrate with O2/C2H2 flame spraying. The strength and the failure mode of the as-
sprayed coatings were determined by a modified pulling-up method, and accordingly the 
spraying process parameters were optimized to get the coatings with high cohesive and 
adhesive strength. It was observed that the cohesive and adhesive strengths increased 
with increasing substrate roughness. Failure was purely adhesive in the sample with low 
roughness (Rz =10), whereas, it was purely cohesive in the samples with high roughness 
(Rz =20, 27). Under a lower O2/C2H2 flow ratio the structure of the as-sprayed coating 
was composed of thicker particles compared with that under a higher flow ratio, resulting 
in less residual stress and increased strength. Preheating temperature was proven to be 
helpful to minimize the development of the residual stress, to enlarge the contact zones 
at the interface, and to increase the penetration depth, leading to an increase in the 
adhesive strength of the coating. 
Wang et al.29 analyzed specifically the effect of the spraying distance (130, 160, 
190, and 210 mm) on the mechanical properties of plasma sprayed Ni-45Cr coatings. It 
was found that fracture toughness of the resulting coatings was not significantly 
influenced by the spraying distance up to 190 mm. Further increase in spraying distance 
up to 210 mm resulted in an evident decrease in the fracture toughness of the coatings. 
The authors proposed that the decrease of the lamellar bonding ratio (the ratio of the 
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total bonded area to the total apparent interface area) was the reason for lowering 
fracture toughness of coatings sprayed at 210 mm. 
In the case of HVOF sprayed multicomponent cast iron coating, influences of the 
spraying distance, the oxygen-to-fuel ratio and the particle size distribution of the coating 
powder were analyzed in terms of macrostructure, porosity and hardness30. It was found 
that with increasing spraying distance from 200 mm to 300 mm, the average porosity 
increased from 2 % to 5.4 %, and the average hardness dropped from 587 HV to 
475 HV. The better properties achieved at the 200 mm spraying distance were attributed 
to the good combination of the particle velocity and temperature. When the oxygen-to-
propane ratio was 4.6, the porosity and hardness of the coatings could arrive at the best 
levesl at 200 mm to 300 mm spraying distance. 
Waldbillig et al.31 used suspension plasma spraying (a modification of a plasma 
spraying process) to deposit a yttria-stabilized zirconia (YSZ) coating onto a ferritic 
stainless steel substrate. They characterized the effect of the torch power and the 
particle velocity on the physical properties of the coatings, including the density and the 
gas (He) permeability. Coatings produced under high velocity conditions such as using a 
small nozzle or a high plasma gas flow rate tended to have higher densities and lower 
permeation rates compared to the coatings produced under the low velocity conditions, 
but the combination of a very high gas flow rate and a small nozzle might severely 
restrict deposition efficiencies. 
2.2.3. Particle morphology of coating powders 
The feedstock for thermal spraying is typically in the form of powders. The particle 
morphology and the size distribution of the powder play an important role on the 
spraying process and the properties of the sprayed coatings. Kollenberg et al. 32 
investigated the plasma sprayed coatings from differently prepared powders (crushed, 
agglomerated and sphericalized), and the results showed that the coatings from the 
sphericalized powders had the lowest porosity due to the fact that the spherical particles 
could melt more easily and more homogeneously, compared to irregular granulates. 
The work of Tikkanen et al.14 indicated that it was particularly difficult to feed 
particles with a large size distribution and an irregular shape. Un-processed powders 
applied for thermal spraying could not guarantee a stable and sufficient flowability, so 
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the preparation of the coating powder for the thermal spraying became a critical topic. 
Spray-drying (SD) has been widely used to improve the spray-ability of the powders. It is 
a method by which a fluid material is transformed into a dry powder by spraying it into a 
hot medium. The fluid material is either a water-based suspension with air as the drying 
gas, or an organic solvent-based suspension (usually ethanol) with nitrogen as the 
drying gas. Cao et al. 33 analyzed the spray-drying process for getting a powder of 
ceramic (YSZ+Al2O3) which was used as the coating material for plasma spraying, and 
discussed factors influencing the properties of the spray dried powders: operational 
parameters of spray-drying, suspension preparation and Al2O3 proportion. The results 
indicated that the suspension preparation was the controlling factor: The increase of the 
powder content resulted in the increase of the suspension viscosity and gave rise to the 
formation of a dense powder. For a low solid content suspension (<35 wt.%), the 
granule size of the spray dried powder decreased with increasing content, and for a 
higher solid content one (>50 wt.%) the granule size increased with increasing content. 
Among the process parameters in spray-drying, the order of effectiveness on the 
resulting powder was feeding rate > feeding pressure > drying temperature. 
Garcia et al.34 compared two processes, namely spray drying (SD) and freeze 
granulation (FG) for preparing powders (mullite and mullite/ZrO2) employed in thermal 
spraying. Different from SD, in the FG process an original suspension is rapidly frozen 
and afterwards dried by lyophilization. This method is extensively used in the drug and 
food industry with an aim of avoiding degradation of biological material by heat exposure 
required by SD. The flame sprayed coatings from the powders prepared by SD and FG 
had quite different microstructures: The SD prepared powders led to a thicker and 
denser coating; the coatings from the FG powders showed melted areas surrounded by 
submicronic porous zones. 
2.3. Required properties of coatings 
In the application of the environmental barrier coating produced by thermal 
spraying, researchers have different focuses of the coating properties according to the 
original protective aims. However, adhesion strength and porosity are always critical 
factors in the evaluation of the quality of coatings. Concerning the aim of this study, the 
protective potency against chemical attack is of high importance, too.  
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2.3.1. Adhesion strength 
There are many techniques to evaluate the adhesion strength, such as bending 
test, shear test, and tensile adhesive test (pulling-off test), etc. Charalambides et al.35 
proposed and discussed the critical energy release rate at a metal/ceramic interface by 
means of a four-points bending test. Since then it had been studied by many 
researchers working in the field of the thermal sprayed coatings. A typical set-up of a 
four-points bending test is shown schematically in Fig. 2.636. The Sample preparation in 
this test is relatively sensitive, such as cutting a notch in the Sample, so that the results 
could be easily invalidated due to the impropriate preparation. 
 
 
 
Fig. 2.6. Schematical diagram of preparation for four points bending 
test36. 
The principle of a shear test is shown in Fig. 2.737. In the test the Samples do not 
need a previous preparation. Nevertheless, since the loading device should be in 
contact with a substantial area of the coatings, the thickness of the coatings constitutes 
a limitation. The test is recommended for the coatings which have a thickness of more 
than 150 µm, only. 
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Fig. 2.7. Principle of the shear test device37. 
In a tensile adhesive test according to ASTM C633 (Fig. 2.8), a cylinder of 
normalized geometry is adhered to the coating section using epoxy of a proprietary 
composition, and the opposite of the substrate is glued to an identical cylinder. The 
cylinder of the coating is pulled up until failure occurring. The bond strength is 
determined by the maximum load. It is easy to prepare samples for this, and it has no 
specific requirements for the coating. But it has its own shortcoming, namely the 
strength of the epoxy should be higher than the adhesion strength of the coating to the 
substrate. 
 
Fig. 2.8. Schamatical set-up of tensile bonding strength test. 
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Comparing the three tests for the adhesive strength, it is practically difficult to 
apply the bending test to evaluate our Samples, because the preparation process 
adversely affects the brittle glass coatings; in turn, the results are hardly precise. The 
other two tests are both suitable for our study.  
Due to residual stress associated with the application condition for thermal 
spraying, a poor interfacial adhesion and even a delamination at the interface may take 
place. In order to overcome this problem, a coating material with a good match of the 
thermal expansion coefficient (α) to the substrate should be chosen. Application of a 
bond coating between the required top coating and the substrate may help to get a 
better adhesion.  
Barth et al. 38  applied an intermediate molybdenum bond layer between a 
bioactive glass/ceramic coating and a titanium substrate to increase the bond strength. 
The authors pointed out that the factors affecting the bond strength between a sprayed 
coating and a metal substrate were: chemical bonding, residual thermal stresses, 
wetting and mechanical interlocking. Methods to improve the bonding strength should be 
considered based on these effects. Like in this case, the bond strength with a 
molybdenum bonding layer was nearly 30 times the reported bond strengths of the glass 
ceramic coating measured by pull-up tests 
The study by Bellucci et al.39 suggested that the TiO2 bond layer increased the 
adhesive strength of bio-glass coatings to the Ti substrates by promoting the formation 
of a continuous interface region and avoiding microcracks which arose between the top 
coating and the substrate. 
The application of the functionally graded coatings also aims at reducing the 
residual stress via gradual changes of thermal expansion coefficient and Young’s 
modulus of a coating. Teixeira et al.40 developed a model of the thermal residual stress 
in the functionally graded ceramic-metal coatings. The authors suggested that one 
favorable condition for achieving a reduction of the residual stress was associated with 
increasing in the size of the coating. When the interlayer thickness approached the 
entire thickness of the coating, optimum conditions for stress elimination were obtained. 
Kohr et al.41 produced functionally graded coating (FGC) from YSZ/NiCoCrAlY powder, 
and found that the bond strength of the FGCs coating was twice as high as that of the 
duplex coating (no gradation) due to the reduction of the residual stresses. 
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2.3.2. Structure and porosity 
Typical structure of the thermally sprayed coatings is lamellar. Knotek et al.42 
simulated the forming process of the lamellar structure (Fig. 2.9), and pointed out that 
the crack length in the as-sprayed coating depended on the distance between the crack 
starting point and the substrate surface and also on the velocity-dependent deformation 
of the particles at the impacting moment, so that the crack propagation was encouraged 
by the different arrangement of the lamellar boundaries in the bottom layers of the 
coating owing to their shorter distance from the substrate surface. It could explain the 
phenomenon that the failure in the bonding test generally occurred in the form of 
cohesive facture in the lower-part of the thermal sprayed coating close to the interface. 
 
Fig. 2.9. Schematic of thermal sprayed layers42. 
Porosity is another important factor concerned by researchers in the field of 
thermal spraying. Fukanuma43 analyzed the reasons for pore formation during thermal 
spraying. The proposed model indicated that the impinging velocity, the gas pressure, 
the particle size of the coating powder and the viscosity of the molten materials 
contributed to porosity. He believed that closed pores were not produced in the flattening 
process, because it was difficult for the fluid from the molten particles to seal the gaps 
between the overlapped splats against the high pressure. This is the challenge in our 
studying to produce a coating without any open pores by thermal spraying.  
Cai et al.44 summarized three potential mechanisms of the porosity formation: gas 
entrapment, interstitial porosity and solidification shrinkage. The pores from the 
entrapped gas arose from the absorbed or entrapped gas between impinging droplets 
and previously solidified layers. The interstitial porosity was due to the lack of liquid to fill 
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the overlapped particle interstices. Oppositely, the solidification porosity was because of 
too much liquid existed in the spray upon impingement. They developed a model of the 
porosity (p) according to the following expression (2.4): 
𝑝 = � 𝜃𝛤,           𝜃 ≥ 0𝜃𝛤𝛽
𝜃𝛤−(1−𝛽) , 𝜃 < 0 2.4 
where θ is defined as a porosity coefficient; 𝛤 is the particle packing density; β is the 
solidification contraction (β=1-ρm/ρs). Accordingly, the relation between processing 
parameters and θ is plotted in Fig. 2.10, and the optimal combinations of the processing 
parameters can be designed corresponding to θ=0. 
 
 
Fig. 2.10. Normalized melt flow rate, atomization pressure and 
deposition-distance as a function of porosity coefficient44. 
The porosity is a parameter commonly used to characterize the microstructure of 
the as-sprayed coating. However, Li et al. 45 illustrated that the total porosity in the 
coatings was not meaningful from the viewpoint of predicating properties of the coatings, 
because the resulting porosity were mainly 2D characterization of the voids. Instead, 
quantitative structural parameters, like bonding ratio at the interfaces between lamellaes, 
were of major importance. Further, they established relationships between the structural 
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parameters and the properties of the coatings, like erosion resistance, the expected 
target in our studying. From their model, the erosion resistance of the coatings was 
inversely proportional to the lamellar interface bonding and directly proportional to the 
lamellar thickness.  
Another study focused on the pores in the coatings formed by incomplete filling 
into crevices at the surface of substrates 46. An analytical model was developed to 
estimate the volume of such pores by calculating the equilibrium shape of a liquid 
meniscus pressing down on the surface (its idealized geometry shown in Fig. 2.11), and 
then compared with experimental results (Fig. 2.12) that the void volume formed by the 
plasma sprayed YSZ particles landing on the patterned silicon surface having vertical 
posts on them. The void size predicted from the model was of the same order of 
magnitude as that measured in the experiments. However, when the spacing between 
posts was much larger, this model was less effective to predict the void volume, 
because the other mechanisms for creating voids took place, such as gas entrapment. 
 
 
Fig. 2.11. Geometry of the contact meniscus formed with an asperity46. 
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Fig. 2.12. SEM micrograph of (a) the top view and (b) the central cross-
section, of a splat formed by an 18 µm diameter YSZ droplet impacting on the 
silicon patterned surface with particle temperature and velocity of 2900 °C 
and 250 m/s, respectively. The substrate temperature was 300 °C. The posts 
on the substrate are 3 µm high, 4 µm wide, with 1 µm spacing in between46.  
The well-known techniques utilized for measuring the porosity of coatings 
comprise of water absorption (WA), mercury intrusion porosimetry (MIP), helium 
pycnometry (HP) and image analysis (IA). Measurements by the methods of WA, MIP 
and HP have a common requirement that the substrate to be coated should be dense so 
that its porosity could be ignored during the characterization. Therefore, those methods 
are usually applied to evaluate the porosity of a coating on a metallic substrate. Porosity 
measurement of the coatings by IA has been comprehensively studied by many 
researchers. The work from Fowler et al.47 showed that IA could reproducibly detect and 
measure the microstructural features (pores, cracks, etc) within the thermal sprayed 
coatings. The reliability of this method for specific experiments was statistically tested to 
give a 95% confidence level. The studying of Deshpande et al. 48  specified the IA 
procedures (Fig. 2.13): It was conducted on an optical microscopy or a SEM image, and 
according to a threshold level the image was firstly thresholded into a binary image 
which gave an indication of the total porosity; secondly, it was categorized into closed 
pores (globular pores) and open pores (interlamellar pores and crack network); lastly 
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different porosities were calculated by counting its pixels. It should be paid attention that 
the image contrast and the chosen threshold level influence the result significantly. 
Nevertheless, the method of IA has its weak point that the measured porosity measured 
is a 2-D result, which cannot directly tell the real 3-D porosity in the coating. In our work, 
a simple solution is developed to transform the 2-D porosity into the 3-D one; it is 
explained in chapter 5. 
 
 
Fig. 2.13. Image analysis procedure for separating microstructural void 
features48. 
2.3.3. Corrosion resistance 
This work is aimed to produce a protective glass coating against chemical attack, 
so the anti-corrosion capability of the coating is of vital concern. It is necessary to be 
aware of the knowledge and the background of the development in the anti-corrosion 
coating and the applied methods. 
Electrochemical measurements have been widely applied to investigate anti-
corrosion performance of a protective coating on a metal substrate. Many researchers 
used ceramic, cermet, metal as the coating materials, like Al2O3, nickel-and/or cobalt- 
based alloy (NrCrMo, NiAl), which are known for their resistance to corrosion. 
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In the work by Kishitake et al.49, an alloy of Fe-10Cr-13P-7C was thermal sprayed 
onto a mild steel by three different processes: low-pressure plasma spraying (LPPS); 
high-velocity oxy-fuel spraying (HVOF); high-energy plasma spraying (HPS). The 
corrosion resistance of the resulting amorphous coating from LPPS was the best among 
the three coatings tested in 1 N H2SO4 and 1 N HCl solutions. They concluded that the 
amorphous LPPS coating was expected to have a good wear resistance and an 
excellent corrosion resistance in acidic chloride environments. 
Valente et al. 50  produced titanium composite coatings onto an AISI304 steel 
substrate using reactive plasma spraying, and evaluated their corrosion behavior with 
the electrochemical measurement in a neutral (0.5 M NaCl) and an acid solution (0.5 M 
NaCl 1 M HCl), respectively. It was found that the corrosion resistance strictly depended 
on the porosity of the coating. In the acid solution, the interconnected porosity directly 
increased the dissolution rate of the substrate, and in the neutral solution it induced a 
crevice corrosion attack. In both cases the steel substrate acted as anodic site with 
cathodic reactions occurring on the coating. Accordingly, a specific optimization of the 
plasma spraying parameters was required to avoid extreme increase of the coating 
porosity, and in turn increase the wear and corrosion resistance.  
Another studying51 determined the corrosion resistance of the plasma sprayed 
coatings from ceramic, cermet and metallic powders on the AISI304 steel substrate in 
1 N H2SO4 solution. The electrochemical measurement was carried out in the corrosion 
test, and it was concluded that the corrosion resistance depended strongly on the 
porosity and coating type; the corrosion reactions were initiated at the substrate-coating 
interface. 
Nanocrystalline Fe-40Al coatings were produced by Ji et al. 52  with HVOF 
spraying. Corrosion resistance of the coatings was tested using electrochemical 
measurement. All coatings exhibited the same type of active-passive-transpassive 
behavior, which was also observed in bulk FeAl samples. However, their corrosion 
resistance parameters were lower than those of the bulk because of the existence of 
defectives in the as-sprayed coatings. 
The corrosion resistance of the coatings on the metal substrate has been widely 
studied. However, when the aimed substrate is non-metallic, the electrochemical test 
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cannot be utilized any longer. Therefore, in our studying an alternative method is needed 
for determining the anti-corrosion capability of the resulting coatings. 
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28 
3. Experiments 
3.1. Preparation and characterization of coating materials 
(1) Material for top coating 
In this studying, a commercial float glass (Saint Gobain) was chosen as the 
coating material. Two methods were applied to prepare the coating powders. In the first 
method, the float glass cullet was crushed into a powder by dry ball milling (planetary 
milling, Fritsch) in an agate jar with agate balls, shown in Fig 3.1, and then the crushed 
glass powder was sieved through meshes into the different size fractions: <45 µm, 25-
63 µm and 63-100 µm, respectively. 
  
Fig. 3.1. Planetary milling machine and the matching agate jar. 
In the other method, wet ball milling and spray drying were utilized to prepare the 
coating powders. Firstly, the glass cullet was fine milled by wet ball milling, in which a 
porcelain jar and sintered alumina balls were employed, and isopropanol was used as 
the fluid medium. After one week of milling, the fluid mixtures were dried in a lab-scale 
rotary evaporator (Rotavapor 114, Büchi) equipped with a water bath (water bath B 480, 
Büchi), shown in Fig. 3.2. Next, the resulting powder was mixed with water to get three 
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suspensions having different solid contents of 17 wt.%, 33 wt.% and 50 wt.% for spray 
drying, respectively. Here it should be mentioned that 17 wt.% was a deliberately chosen 
low value and 33 wt.% and 50 wt.% were empirical values. Further increasing of the 
glass content over 50 wt.% in the suspension would result in an operational difficulty for 
the spray dryer. Agglomerates in these suspensions must be eliminated before spray 
drying. A mini spray dryer (B-290, Büchi) was utilized with hot air as the drying medium 
(Fig. 3.2). During the spray drying, air inlet temperature was 200-220 °C and the 
temperature at the exit of the spray dryer varied between 90 °C and 100 °C. The feeding 
rate of the suspensions decreased from 35 ml/min to 18 ml/min with increasing of the 
glass content from 17 wt.% to 50 wt.% at the pump pressure of 7 bar. 
 
   
Fig. 3.2. Rotary evaporator (left), and mini spray dryer (right). 
(2) Material for bonding layer 
Water glass Na2O·xSiO2·nH2O (GV3.35, Cognis) was chosen as the raw material 
for the intermediate bonding layer. The solid water glass was melted at 1200 °C to 
eliminate the crystal water, and the melt was poured in a preheated graphite mould. 
Next, the water glass was dry ball milled and sieved into a powder having particle size of 
25-63 µm. 
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For easily describing the different powders in the following chapters, names of the 
powders were abbreviated and listed in Table 3.1. 
Table 3.1 List of the powders as the coating materials 
Name  Raw material Preparing method 
Glass content in 
suspension for 
spraying drying 
(wt.%) 
Particle fraction 
(µm) 
DB<45 float glass dry ball milling ̶̶ <45 
DB25-63 float glass dry ball milling ̶ 25-63 
DB63-100 float glass dry ball milling ̶ 63-100 
SD17 float glass spray drying 17 ̶ 
SD33 float glass spray drying 33 ̶ 
SD50 float glass spray drying 50 ̶ 
WG25-63 water glass dry ball milling ̶ 25-63 
 
Actual compositions of the float glass and the water glass powders were analyzed 
by X-ray fluorescence (XRF PW2404, Philips). Thermal expansion coefficient (α) was 
investigated by dilatometer (DIL 402E, Netzsch) with a heating rate of 5 K/min to 
1400 °C. It was performed on the bulk specimens of the float glass and the water glass, 
obtained by melting the cullets and casting them into bars with a size of 20×4×4 mm3. 
To characterize and compare the thermal flattening behavior of the float and the water 
glass powder, hot stage microscopy (HSM) (EM 201, Hesse-Instruments, Osterode am 
Harz, Germany) was applied on the Samples with a cylinder-shape of 3 mm in height 
(uniaxially pressed from the powder) placed on a platinum support. The determination 
was performed in air at a heating rate of 5 K/min to 1200 °C. The particle size 
distribution of the powders from dry ball milling and the suspensions for spray drying 
were verified by a particle size analyzer (Hydro 2000MU, Malvern). However, the 
agglomerate size of the spray dried powders could not be measured by this analyzer, 
because these agglomerates would be dispersed in the liquid medium used in the 
analysis. Feeding rate of the powders in spraying was measured according to the weight 
loss in the powder container per interval time of spraying.  
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Morphology of the powders was investigated by scanning electron microscopy 
(SEM, LEO 440i). The particles of the spray dried powders were mounted in epoxy resin 
and polished using diamond compounds before the microstructural observation of their 
cross-section. 
All powders were kept in an oven at 110 °C for 48 hours before being sprayed. 
3.2. Substrate preparation 
In our studying, two kinds of concrete substrates were used, shown in Fig. 3.3: 
One substrate was a concrete cylinder with a dimension of 50 mm in diameter and 15 
mm in height. It was manufactured according to EN 1766 standard with a cement 
content of 460 kg/m³ and a water-cement ratio of 0.4. Another substrate was a 
commercial concrete block with a size of (50×50×40 mm3). Thermal expansion 
coefficient (α) of the concrete was determined by dilatometer, with the same process 
parameters applied in the α measurement of the glass samples. 
 
  
Fig. 3.3. Concrete cylinder and block used as substrate. 
Preparation of the substrate surface is always considered as one of the most 
important factor determining the performance of the consequent coating. In this case, 
the surface roughness of the concrete structures does not require any further 
preparation, e.g. sand blasting wildly used for the surface preparation of the substrates 
before thermal spraying, because a concrete surface is rough enough for sufficient 
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mechanical anchorage. Prior to flame spraying, in general terms a clear substrate 
surface is required, free of oil, rust and moisture. The concrete substrates were brushed 
with acetone for clearing and degreasing, and then maintained in an oven at 110 °C for 
48 hours prior to being coated to avoid water desorption during spraying. 
 
3.3. Spraying process 
3.3.1. Spraying parameters 
Coatings were deposited onto the concrete using an oxygen-acetylene gun 
(model SUPERJET-S-Eutalloy, Eutectic Castolin, Spain), shown in Fig. 3.4, and the 
oxygen and acetylene pressures were 4 and 1 bar, respectively. The specific scene of 
flame spraying is shown in Fig. 3.5, and the detailed spraying parameters are listed in 
Table 3.2. The spraying gun was held and moved by hands, so it was unavoidable that 
the spraying distance and the moving velocity could not be kept perfectly constant. The 
preheating was carried out in a convenient way by using the oxygen-acetylene flame or 
a propane flame (Rothernberger Industrial GmbH, gas pressure ~0.5 bar) for 
comparison. The temperature of the substrate surface was monitored by a thermometer 
(62 Mini Thermometer, Fluke). Once the required preheating temperature was reached, 
the spray process was started for 25-30 s; the injection angle was ~60°. A critical 
component in achieving a steady feeding rate of depositing the powders was a vibrator, 
which was fixed onto the powder container, because the vibrator prevented the powder 
from forming cavities inside the powder container. It worked with intensive vibration at a 
high frequency during flame spraying. 
Individual splats were formed by a single pass of flame spraying onto the 
concrete substrates at different spraying distances (50 and 100 mm), with or without 
500 °C preheating. The applied coating material was the powder SD33. 
The intermediate bonding layer from the water glass powder was deposited by 
the same process. 
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Fig. 3.4 Schematical set up of oxy-acetylene flame spraying gun 
(SuperJet-S-Eutalloy, Eutectic Castolin). 
 
  
Fig. 3.5. Flame spraying process. 
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Table 3.2 Spraying parameters 
Sample 
 
Preheating temperature 
(°C) 
Spraying distance 
(mm) 
1 None 150 
2 None 100 
3 None 50 
4 200 50 
5 500 50 
3.3.2. Temperature measurement in the concrete during flame spraying 
It is necessary to understand the temperature profile of the concrete during flame 
spraying, especially the surface temperature, because it should be sure that after 
exposure to the flame the highest temperature should be endurable for the concrete. 
Although it was mentioned above that the surface temperature of the concrete substrate 
was monitored by a pyrometer, it was practically difficult to get the precise temperature 
due to the interference from the flame radiation. Therefore, instead, the temperatures at 
three positions in the concrete (10 mm, 20 mm and 30 mm under the top surface, 
respectively) were measured, and then the surface temperature was extrapolated 
according to a square polynomial fitting of the measured temperatures. The preparation 
for measuring the temperatures in the concrete is shown schematically in Fig. 3.6: Three 
holes (ø 3 mm) were drilled into the middle of the concrete, and thermocouples (type K) 
were fixed into these holes and linked to a thermometer (HH506RA, Omega), which was 
connected to a computer. Thus the temperatures during the whole process were 
recorded, and the surface temperature could be calculated accordingly.  
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Fig. 3.6. Schematical diagram of the concrete block for temperature 
measurement (dimension in mm). 
3.4. Characterization of the coatings 
3.4.1. Morphology and phase analysis of the coatings 
Microstructure of the top surface of the single splats, the as-sprayed coatings, 
and the polished cross-section of the interface between coatings and substrates was 
observed by SEM, and the phase compositions were investigated by energy-dispersive 
X-ray spectrometry (EDS, INCAx-Oxford). Prior to the SEM analysis, the coated 
concrete specimens for cross-section observation were cold-mounted in resin, ground 
with SiC papers and polished with a poly-crystalline diamond paste. 
X-ray diffraction (XRD, D8 Advance, Bruker) was performed on the top-surface of 
the coatings using monochromatic CuKα radiation at a voltage of 40 kV and current of 
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40 mA to determine whether or not crystallization occurred in the as-sprayed glass 
coatings. 
3.4.2. Tensile bonding strength analysis 
Before the test of the tensile bonding strength, each specimen was glued with a 
rapid setting epoxy between two steel bars. The bonding strength was determined by 
pulling up the steel bar adhered with the coating section until a failure occurred in the 
Sample. The setup used in this test is shown in the Fig. 3.7. 
 
Fig. 3.7. Test setup for measuring the tensile bonding strength. 
3.4.3. Porosity measurement 
Image analysis was chosen as the method to quantitatively evaluate the porosity 
of the flame sprayed coatings with ImageTool examinating the SEM images (100× 
magnification) of the cross-section of the coatings. Average results were obtained by 
measuring the porosities at five random locations at each sample.  
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3.4.4. Corrosion resistance test  
Two tests were used to determine the corrosion resistance of the glass coatings: 
(i) 24 hours test: a short term test for evaluating permeability of sulfuric acid solution (the 
corrosion media in the waste water system) going through the as-sprayed coating into 
the concrete substrate; (ii) 7 days test: a longer term analysis of the protective 
performance of the glass coating on the concrete based on the fact that whether the 
degradation formation occurred in the concrete after test. 
 
Fig. 3.8. Set-up of anti-corrosion test 
(i) 24 hours test 
In the 24 hours test the corrosion resistance of the coatings, the coated surface of 
the concrete block was subjected to 0.1 mol/L H2SO4 solution (pH=0.7). An in house 
made set-up for this test is shown in Fig. 3.8: a glass cuvette with 4 mm diameter was 
connected to a cylinder with 30 mm diameter, which was clamped on an uncoated or 
coated surface of the concrete with a rubber ring for sealing. The corrosion resistance 
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was determined by the acid solution penetration rate, which was monitored by recording 
the level of the solution in the glass cuvette at a periodic interval (per half or one hour) 
up to 24 h. 
(ii) 7 days test 
To get close to the real service condition of the concrete pipe in the wastewater 
system, the un-coated and coated concretes were exposed to the H2SO4 solution for 7 
days, the sulfate solution was renewed every day. Afterwards, the cross section of the 
tested Samples were investigated by SEM equipped with EDS to characterize whether 
the corrosion reaction took place, leading to the formation of the degradation product 
(gypsum) in the concrete, especially in the area close to the interface between the 
coating and the concrete. 
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4. Results  
4.1. Characterization of coating materials 
4.1.1. Composition and thermal expansion coefficient (α) 
The composition of the coating materials for the top coating and the bonding layer 
are listed in Table 4.1. Thermal expansion coefficient (α) is 10.4 ppmK-1 for the float 
glass, 11.7 ppmK-1 for the water glass-NS3.35 and 13.5 ppmK-1 for the concrete 
substrate. Many researchers suggested that it would be beneficial if the coating had a 
slightly smaller thermal expansion coefficient than that of the substrate, since this design 
would leave the coating in compression thus strengthening the piece. The temperatures 
of the half sphere point from the hot stage microscopy for the coating materials were 
compared: the 976 °C was for the float glass, and 820 °C for the water glass-NS3.35. 
Accordingly, it was reasonably assumed that the deposited particles of the water glass 
could flatten more easily upon impact than the float glass. It was the reason why the 
water glass was chosen as the raw material for the intermediate bonding layer.  
Table 4.1. Composition of coating materials 
 Oxide SiO2 Na2O CaO MgO Al2O3 K2O TiO2 Others 
Float glass wt.%  73.26 11.79 9.84 3.88 0.64 0.18 0.06 Traces 
Water glass-NS3.35 wt.% 79.00 20.76 ̶ ̶ 0.15 0.02 0.05 Traces 
4.1.2. Particle size distribution and morphology of the powders 
The particle size distribution of the glass suspensions prepared by wet ball milling 
for spray drying is shown in Fig. 4.1. It could be seen that the average particle size (d50) 
of the glass particles in the suspension was 3 µm. However, as mentioned previously, 
the particle size of the spray dried powders could not be measured by the particle size 
analyzer. Instead, it was qualitatively evaluated with the SEM images of the powders.  
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Fig.4.1. Particle size distribution of glass suspension prepared by wet 
balling milling for spray drying.  
Fig. 4.2 shows the SEM images of the different glass powders. In the powders 
prepared by dry ball milling, like the powder DB63-100 (Fig. 4.2 a), the particles were 
angular with smooth facets. In the powders from spray drying, it was found that the glass 
content in the suspensions for spray drying had a critical influence on the resulting spray 
dried particles. In the powder SD17 (Fig. 4.2 b), small particles tended to attach with 
each other becoming round clusters (~5 µm). With increasing glass content, the 
granules in the powder SD33 (Fig. 4.2 c and d) became well shaped spheres with a 
bigger average size of ~20 µm, and from the cross section view of these particles, the 
spray dried granules had no inner cavity. With further increase of the glass content in the 
suspension, the size of the granules in the powder SD50 (Fig. 4.2 e and f) decreased to 
~10 µm, and many inner cavities appeared.  
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Fig. 4.2. SEM images of different prepared glass powders, (a) powder 
DB63-100, (b) powder SD17, (c) powder SD33, (d) cross section view of 
powder SD33, (e) powder SD50 and (f) cross section view of powder SD50. 
 
Fig. 4.3. Feeding rate of different prepared powders for flame spraying. 
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The results of the feeding rate for the different powders are shown in Fig.4.3. The 
powder DB<45 had a very low flowability, and in the practical flame spraying the feeding 
of this powder was easily suspended due to its wide particle size distribution. Once the 
particle size distribution was narrowed, the feeding rates of the powder DB25-63 and the 
powder DB63-100 were dramatically improved. In the group of the spray dried powders, 
during flame spraying they were all easily fed having a stable feeding rate. However, the 
powder SD17 had poor depositing efficiency, namely the particles of this powder floated 
in the air rather than spatting on the substrate. It was probably due to the fact that the 
aggregates of this powder were fine and loose, thus they could not be fed into the center 
of the flame. Besides, an increase in the glass content in the suspensions for spray 
drying decreased the feeding rate of the resulting spray dried powders from SD17 to 
SD50. Concerning with the water glass, even though the particle size distribution was 
narrow, the feeding rate of the powder WG25-63 was still very low and the flame 
spraying of this powder was easily suspended. However, spray drying could not be 
applied to improve the flowability of the water glass powder, since it is soluble in water 
during the suspension preparation for spray drying. 
4.2. Temperature profile in the concrete during flame spraying 
Before establishing the objective of producing a protective coating onto a 
concrete structure with flame spraying, it is necessary to understand the influence of the 
spraying process on the concrete substrate, mainly whether or not the high temperature 
of the flame would bring a side effect to it. Fig. 4.4 shows the temperature profiles in the 
concrete block (10 mm under the top surface) during the flame spraying with preheating 
by oxy-acetylene flame and propane flame, respectively. Using the oxy-acetylene flame 
it took quite a short time (~20 seconds) to arrive at the required surface temperature 
(500 °C), so the thermal shock was huge, and the highest temperature in the concrete 
(10 mm under the top surface) arrived at 300 °C. When the propane flame was applied 
to preheat the substrate, the time of the preheating process to get the same temperature 
was over 1 min, and the highest temperature in the same position of the concrete was 
around 250 °C. Once it started to spray the powders, these two curves were similar. It 
could be reasonably assumed that preheating with propane flame could reduce the 
thermal shock to the concrete and also decrease the temperature in the concrete during 
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flame spraying, namely the detrimental effect from the flame on the concrete could be 
softened. Hence in the following process, the propane flame was chosen to preheat the 
substrate surface before spraying. 
 
 
Fig. 4.4. Comparison of temperature profiles in the concrete (10 mm 
under the top surface) during flame spraying with oxy-acetylene flame and 
propane for preheating. 
From a United States Patent No. 783350 by Tauber et al.53, it was known that a 
hydraulic cement article, like concrete, could retain sufficient strength after being fired at 
about 550 °C to 620 °C to allow subsequent processing of the article; after treatment to 
the original strength of the article will be restored. Fig. 4.5 shows that the strength loss of 
a concrete block after firing at 600 °C could be recurred either by slow rehydration or 
autoclaved from their studying. 
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Fig. 4.5. Effect of firing and recurring on the compressive strength of a 
standard concrete block53.  
Fig. 4.6 shows the temperature of the different positions in the concrete during 
flame spraying. The temperatures of three points in the concrete under the top surface 
were measured and the average temperature decreased from 250 °C, to 150 °C then to 
107 °C with increasing of the distance (10 mm, 20 mm to 30 mm) from the top surface. 
The surface temperature of the concrete substrate was predicted according to a square 
polynomial fitting of the average temperatures of the measured three positions. The 
polynomial fitting was compatible with thermal diffusion, and the extrapolated 
temperature of the top surface exposed to the flame was below 450 °C, which was still 
endurable for the concrete. Besides, even if some adverse influence of the flame was 
unavoidable on the surface or upside part of the concrete substrate, the remediation 
could be easily actualized according to the above discussion.  
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Fig. 4.6 Temperature of different positions in the concrete during flame spraying. 
4.3. Process parameters of flame-spraying  
Table 4.2 lists the samples of the flame-sprayed coatings with different spraying 
parameters, which are discussed in this section. 
Table 4.2. Spraying parameters 
Sample 
No. 
coating powder 
 
preheating temperature 
(°C) 
spraying distance 
(mm) 
1 DB 25-63 None 150 
2 DB 25-63 None 100 
3 DB 25-63 None 50 
4 DB 25-63 200 50 
5 DB 25-63 500 50 
4.3.1. Spraying distance 
XRD patterns of the as-sprayed coatings with different spraying distances (Fig. 
4.7) showed that all coatings presented a non-crystalline state, since no obvious peak 
existed in the pattern. It was due to the stability of the amorphous state in the float glass 
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and the fast cooling of the deposited coatings. The resulting non-crystalline coatings 
were preferential, because firstly the close mismatch of the thermal expansion 
coefficient between the substrates and the coatings could be kept according to one of 
the reasons choosing the float glass as the coating material so that the residual thermal 
stress could be lessened; secondly the coatings maintaining the glassy state would have 
a closed surface, hence, a better chemical stability against chemical attack.  
 
Fig. 4.7. XRD patterns of as-sprayed coating with different spraying 
distance. 
Fig. 4.8 shows the SEM images of the flame sprayed glass coatings at different 
spraying distances. When the spraying distance was 150 mm (Sample 1), the deposited 
glass particles were melted becoming spheres, but remained individually and could not 
splat on the substrate surface upon impact to form a coating. When a shorter distance of 
100 mm was applied (Sample 2), a defective coating was formed on the concrete. In this 
coating many large pores existed and the adhesive performance was bad, since the 
deposited glass particles did not splat completely following all the irregularities of the 
concrete surface. With further decrease of the spraying distance to 50 mm (Sample 3), 
the as-sprayed coating became much denser, but delamination still happened between 
the coating and the substrate. 
Besides, from the comparison it could be found that with a further spraying 
distance a large amount of the impinging particles were lost due to the fact that the 
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radial feedstock of spraying upon impact exhibited a Gaussian distribution: the lower the 
spraying distance, the more molten particles impacted on the substrates. 
Due to the defectiveness and adhesive failure of these three Samples, no further 
investigation of the mechanical properties and the anti-corrosion capability was carried 
out on them. Nevertheless, it was evident that 50 mm was the most satisfactory spraying 
distance to deposit the float glass getting a denser coating on the concrete substrate. 
  
  
  
Fig. 4.8. Cross section of as-sprayed coatings with different spraying 
distance (a), (b) Sample 1-150 mm, (c), (d) Sample 2-100 mm and (e), (d) 
Sample 3-50 mm. 
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4.3.2. Preheating temperature on the substrate surface  
Fig. 4.9 shows XRD patterns of the as-sprayed coatings without and with different 
preheating temperatures onto the concrete surface prior to spraying, and 50 mm was 
chosen as the spraying distance and the powder DB 25-63 was the coating material. 
Only broad peaks were presented in all coatings indicating that under an increase of the 
preheating temperature up to 500 °C, the amorphous state of the as-sprayed coatings 
was retained. As explained above, it was a desirable result concerning the application 
against chemical attack.  
 
Fig. 4.9. XRD patterns of as-sprayed glass coatings without and with 
different preheating temperatures: (a) Sample 3-without preheating, (b) 
Sample 4-200 °C preheating, and (c) Sample 5-500 °C preheating.  
Fig. 4.10 shows the SEM images of the cross section of those glass coatings. 
Without preheating treatment (Sample 3), delamination occurred at the interface. When 
200 °C preheating was applied on the concrete surface (Sample 4), the adhesive 
performance was improved, but there was still an obvious gap between the coating and 
the concrete resulting from incomplete splatting of the deposited particles. With 
increasing preheating temperature to 500 °C (Sample 5), the adhesion of the as-sprayed 
coating on the substrate appeared to have much better quality, since the particles after 
being sprayed and arriving on the surface spread more sufficiently getting much more 
contact. It could be concluded that without preheating the substrate surface, the 
deposited particles did not produce a homogeneous wetting effect upon impact. In 
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addition, the heat of the impinging particles was quickly absorbed by the cold substrate, 
so a large temperature gradient developed, increasing the residual stresses in the as-
sprayed coating after solidification and cooling. Consequently the adhesive strength of 
the coating decreased. Therefore, in the following work 500°C was chosen as the 
preheating temperature. 
 
  
 
Fig. 4.10. Cross section of as-sprayed coatings without and with 
different preheating temperatures (a) Sample 3-without, (b) Sample 4-200 °C 
and (c) Sample 5-500 °C. 
4.4. Layer-substrate bonding 
Table 4.3 lists the samples of the as-sprayed float glass coatings with or without 
an intermediate bonding layer of the water glass, and the related results are presented 
in this section. 
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Table 4.3 Spraying parameters 
Sample 
 
coating powder  preheating temperature 
(°C) 
spraying distance 
(mm) 
5 DB 25-63 500 50 
6 WG 25-63 500 50 
7 
WG 25-63 
DB 25-63 
500 50 
 
Intermediate bonding layers have been widely applied in the thermal spraying 
system for improving the adhesive performance of the coating to the substrate. 
Fig. 4.11 shows the macroscopic pictures of these samples. Compared with the 
uncoated concrete cylinder, in Sample 5 a porous float glass coating was formed on the 
concrete surface. Sample 6 was a single bonding layer from the water glass, which 
covered the whole surface of the substrate except some big cavities. In Sample 7, the 
as-sprayed float glass coating with the bonding layer appeared less defective: The size 
and the amount of the open pores decreased. 
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Fig. 4.11. Macroscopic top-view of (a) uncoated concrete, (b) Sample 
5-DB25-63, (c) Sample 6-WG25-63 and (d) Sample 7-double layers. 
Fig. 4.12 shows the SEM image of the top surface of the as-sprayed float glass 
coating direct on the concrete (Sample 5-DB25-63). In this coating, many open pores 
were found, but no macro- or micro-cracks existed. Besides, no trace of the flattened 
splats from the droplets were found on the surface, indicating that the as-sprayed glass 
particles coalesced well with each other upon impact on the previously deposited splats.  
 
Fig. 4.12. Top surface of as-sprayed float glass coating (Sample 5-
DB25-63) 
Fig. 4.13 shows the SEM images of the cross-section of the as-sprayed float 
glass coating direct on the concrete (Sample 5-DB25-63). Like presented previously the 
deposited glass particles coalesced well together forming a coating on the concrete 
without a lamellar structure, which was usually observed in the flame sprayed coatings42. 
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According to a study27, it was evaluated that the average temperature of particles 
through the flame could arrive at ~2022°C, when 4 bar O2 and 0.7 bar C2H2 was applied. 
In this case, the temperature of the fed particles was far above Tg of the float glass, so 
then the viscosity of the glass droplets was low enough for spreading and coalescing. It 
could explain why no lamellar structure or flattening trace was found here. Besides, no 
micro-cracks or un-molten particles were observed in this coating. From the higher 
magnification (Fig 4.13 b), some small round pores were observed at the interface 
between the glass coating and the concrete substrate. These pores could be formed due 
to the air pockets remaining on the surface of the concrete, or the surface tension of the 
molten float glass prevented the liquid from completely filling the crevices on the 
surfaces43. Although preheating was applied prior to feeding the powder to improve the 
wetting behavior and remove the entrapped gas at the substrate surface, some still 
could not escape, and then formed pores because of the rapid solidification and cooling 
of the deposited droplets on the substrate. The formation mechanism of the pores in the 
coating will be discussed in detail later in chapter 5. 
  
Fig. 4.13. Cross-section of Sample 5-DB25-63 (a) lower magnification, 
(b) higher magnification of the interface. 
Fig. 4.14 shows the SEM image of the top surface of the intermediate layer from 
the water glass on the concrete (Sample 6-WG25-63). It is clearly found that a smooth 
and homogeneous layer was achieved. Deposited particles of the water glass coalesced 
well together, and compared with the as-sprayed float glass coating, this layer 
possessed much less open pores. It was contributed to the fact that the Tg of water 
glass was lower than that of the float glass, so the particles of the water glass powder 
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were melted more completely on their path from the powder depositing through the gun, 
the flame, and towards onto the substrate. 
 
 
Fig.4.14. SEM image of top surface of Sample 6-WG25-63. 
From the cross-section views (Fig. 4.15) of the single as-sprayed water glass 
layer (Sample 6), it could be seen that this layer had a very defective microstructure. 
Compared with the as-sprayed float glass coating (Sample 5), the porosity of this layer 
was obviously increased, and the average size of the pores could be over 100 µm. 
Notwithstanding this defectiveness, the interface between the as-sprayed water glass 
layer and the substrate surface appeared of good quality, because this layer followed all 
the irregularities of the substrate, with much less small pores at the interface. It was 
contributed to the better flattening ability of the water glass than that of the float glass. It 
agreed with the HSM results that the temperature of the half sphere point for the water 
glass (820 °C) was lower than that of the float glass (976 °C). 
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Fig. 4.15. Cross section of Sample 6-WG25-63 (a) lower magnification, 
(b) higher magnification at the interface. 
The top surface of the as-sprayed float glass coating with the bonding layer in 
between is shown in Fig. 4.16 (Sample 7-double layers). Compared with the float glass 
coating directly onto the concrete without bonding layer (Sample 5-DB25-63), no 
significant differences were found in this Sample. Many open pores still existed in the 
top float coating, and no trace of the flattening splat was found. Therefore, the bonding 
layer had no influence on the surface of the top coating. 
 
Fig. 4.16 Top surface of Sample 7-double layers. 
In the cross section SEM images of Sample 7-double layers are shown in the 
Fig. 4.17. Compared to the single layer, the average size of the pores in the water glass 
layer decreased after being covered by the top float glass coating. This was probably 
because the bonding layer was sintered by the second round of flame spraying. In 
addition, it was found that the interface between the water glass layer and the concrete 
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became obscure, so a chemical bonding was assumed to be present in this case. The 
float glass coating was successfully deposited onto the bonding layer and adhered well 
with it. At the meantime, many cracks were found, running from the interface to the 
concrete substrate. Although according to the measurement of the temperature profile in 
the concrete during spraying, the high temperature of the flame was still endurable for 
the hydraulic concrete (section 4.2), it failed to retain a sufficient strength resulting in the 
cracks after the second exposure to the oxy-acetylene flame.  
  
Fig. 4.17. Cross section of Sample 7-double layers (a) lower 
magnification, (b) higher magnification. 
The bonding layer from the powder WG25-63 improved the adhesive 
performance to some extent because of its lower temperature for flattening. 
Nevertheless, it was not helpful to close the open pores of the float glass coatings, and 
instead increased the adverse effect of the flame on the substrate due to the process 
requirement of the second flame spraying. Therefore, the intermediate bonding layer did 
harm more than merit, and also increased the cost of the application. 
4.5. Different glass powders as coating material 
Table 4.4 lists the samples of the as-sprayed coatings from the different prepared 
coating powders. In the flame spraying, feeding stock of a coating powder plays one of 
the dominate roles in the properties of the as-sprayed coating. In this section the 
coatings from the dry ball-milled powders and the spray dried ones were compared 
based on their morphology. 
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Table 4.4 Samples of as-sprayed coatings from the different coating powders 
Sample 
 
coating powder  preheating temperature 
(°C) 
spraying distance 
(mm) 
5 DB25-63 500 50 
8 DB63-100 500 50 
9 SD33 500 50 
10 SD50 500 50 
 
  
  
Fig. 4.18. Macroscopic images of coated concrete block with diferent 
prepared glass powders, (a) Sample 5-DB25-63, (b) Sample 8-DB63-100, (c) 
Sample 9-SD33, and (d) Sample 10-SD50. 
From the macroscopic view of the as-sprayed coatings from different prepared 
glass powders (Fig. 4.18), obvious differences took place: when the powders DB25-63 
and DB63-100 were applied, the as-sprayed coatings were uneven, and many open 
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pores were found in the coatings; when the powders SD33 and SD50 were utilized, 
smooth coatings were produced without any obvious open pores from the naked eyes. 
Fig. 4.19 shows the typical SEM images of the cross-section of the as-sprayed 
coatings from the different prepared glass powders. When the powder DB25-63 was 
applied, a porous coating (Sample 5) was formed on the surface of the concrete 
substrate. The pores were spherical with a size from several micro-meters to ~100 µm, 
and most of the small pores concentrated in the lower part of the coating. No micro-
cracks, un-molten particles or delamination were found in this Sample. When the powder 
DB63-100 was utilized, the resulting coating (Sample 8) was also quite porous, but the 
difference was observed that the large pores in this coating presented a flaser-shape 
instead of being spherical. Besides, some cracks were found in this coating, and they 
propagated in the coating to a certain distance and then were suspended by pores so 
that no crack could run through the coating. In both coatings, reactions between the 
coatings and the concrete substrate were not detected at the interfaces indicating that 
the bonding was contributed to a pure mechanical anchorage. 
From the cross section view of the coatings from the powders SD33 (Sample 9) 
and SD50 (Sample 10), an apparent difference was that the size of pores in these 
coatings could be up to 200-300 µm, much bigger than that of the above coatings from 
the powders DB25-63 and DB63-100. The difference in the size distribution of the pores 
was probably associated to the different forming mechanism of the pores, which is 
discussed in detail in the Section 5.2. Furthermore, the deposited glass particles from 
the powders SD33 and SD50 splatted better than that of the powders DB25-63 and 
DB63-100, penetrating into the irregular surface of the concrete substrate. It guaranteed 
a sufficient bonding strength. 
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Fig. 4.19. coatings from different prepared glass powders, (a) and (b) 
Sample 5-DB25-63, (c) and (d) Sample 8-DB63-100, (e) and (f) Sample 9-
SD33, and (g) and (h) Sample 10-SD50. 
Due to the better performance of the as-sprayed coating from the spray dried 
powders, further attention was focused on the Sample 9-SD33 and 10-SD50. Fig. 4.20 
shows the typical SEM images of the top surface of these two coatings, compared to a 
surface microstructure of a thermal sprayed glass-ceramic coating on a porous wall tile 
substrate against chemical resistance published by another research group16. It could be 
found that the top surface of these two as-sprayed glass coatings in our studying (Fig. 
4.20 a and b), unlike the reference sample (Fig. 4.20 c), were both smooth and had no 
splats or un-molten droplets. It indicated that the deposited particles upon impact 
flattened and coalesced well. However, in the Sample 10 the presence of the open 
pores would have an adverse effect on its anti-corrosion ability, which is discussed in 
section 4.7. 
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Fig. 4.20. SEM images of top surface of (a) Sample 9-SD33, (b) Sample 
10-SD50 and (c) reference sample16  
 
4.6. Tensile bonding strength 
Adhesion of a coating to a substrate is an important factor determining its 
application. In our work, the tensile bonding strength test was chosen as the method to 
determine the adhesion performance of the as-sprayed coatings. Several failure types 
possibly occur in the tensile strength test, shown in Fig. 4.21: type 1 failure occurs in the 
concrete, and it is the most desired one, since it means that the cohesive strength of the 
as-sprayed coating and the bonding strength between the coating and the substrate are 
both higher than the tensile strength of the concrete; type 2 failure occurs in the as-
sprayed coating, indicating a cohesive failure of the coating; type 3 failure occurs at the 
interface between the substrate and the as-sprayed coating, indicating an adhesive 
failure. 
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Fig. 4.21. Schematic diagram for the possible types of the failures in the tensile bonding 
strength test.  
Fig. 4.22 shows the tensile bonding strength of the samples 5-10. It should be 
noted that the bonding strength of Samples 1-4 was immeasurable because of the poor 
adhesive performance of those coatings to the concrete substrate. In the tensile strength 
test it was found that the failures occurred in the upside part of the concrete closing to 
the coating for all the Samples, and the tensile bonding strengths were in the range of 
only 0.37-0.66 N/mm2. Compared to the original tensile strength ~2 N/mm2 of the 
original concrete substrate, the strength decreased significantly after being coated. It 
could be due to two possible reasons: (i) the thermal expansion coefficient (α) of the 
concrete substrate (13.5 ppmK-1) was larger than that of the coating materials 
(10.4  ppmK-1 for the float glass and 11.7  ppmK-1 for the water glass), so after 
solidification of the as-sprayed coating a tensile stress was left to the concrete, and in 
turn a compression force acted on the coating; (ii) the high temperature of the oxy-
acetylene flame inevitably reduced the strength of the concrete, especially when the size 
of the concrete substrate was small resulting in a slow heat dissipation. Here it should 
be emphasized that according to the investigation of the temperature profile of the 
concrete during flame spraying, the maximum temperature on the surface or in the 
concrete was endurable for it retaining sufficient strength to allow subsequent 
processing of the structure. Therefore, on one hand, the strength loss of the concrete 
could be remedied by some after-treatment, like rehydration by simply immersing the 
4. Results 
62 
concrete in the water, and it can be easily carried out in the industry. On the other hand, 
it could be reasonably assumed that the impairing influence from flame spraying onto 
the concrete could be minimized, when the glass coating would be produced only on the 
surface of the concrete with a large scale in a practical application, such as the concrete 
pipe used in the waste water system. 
 
Fig. 4.22. Tensile bonding strength of the Samples 5-10. 
4.7. Anti-corrosion effect 
According to the morphology analysis of all the Samples, the as sprayed glass 
coatings from the spray dried powders had potential to be used against corrosion, since 
those coatings had less and even no open pores. Therefore, in this section the corrosion 
resistance of Sample 9 and 10 is evaluated, comparing with the un-coated concrete.  
4.7.1. 24 hours test 
24 hours test was inspirited by the work from Delucchi et al.4, which investigated 
the water permeability of the organic protective coatings on the concrete brick. Here, the 
water was replaced by 0.1 mol/l H2SO4 acid solution (pH=~0.7). Fig. 4.23 illustrates the 
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measurement of the acid solution penetration per cm2 as function of square foot time 
through the glass coatings into the concrete.  
 
Fig. 4.23. Plot of the weight per cm2 of the sulfuric acid solution 
penetrated into the uncoated and the coated concrete (Sample 9-SD33 and 
Sample 10-SD50) as function of h0.5. 
The acid solution transmission rate of the Sample was calculated using the 
following expression 4.1:  
𝑤 = 𝑚
𝑡∙𝑠
 4.1 
Where m is the weight of the penetrated acid solution, t is the square root of time (h0.5), 
and s is the area of the coated surface facing to the acid solution (cm2), and w is the 
transmission rate of the H2SO4 acid solution (g/cm2∙h-0.5), namely the slope of the 
linearized line from the above penetration plot. Fig. 4.24 shows the resulting 
transmission rates of the uncoated and the coated concretes. Without any protective 
coating, the transmission rate of the sulfuric acid into the concrete was 6.9 g/cm2 h-0.5. 
The as-sprayed coating (Sample 10) from the powder SD50 reduced the transmission 
rate by more than one order of magnitude as compared to the uncoated concrete. 
Furthermore, the as-sprayed coating (Sample 9) from the powder SD33 completely 
inhabited the ingress of the acid solution into the concrete. In the study of 
Delucchi et al.4, the epoxy-polyurethane coating had the best performance reducing the 
water transmission rate of two orders of magnitude. Based on the application of the 
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coating separating the external environment from the concrete substrate, the flame 
sprayed glass coating (Sample 9) from the optimized spray dried powder (SD33) has an 
even better performance than the organic coating. 
 
 
Fig. 4.24. Transmission rate of sulfuric acid solution into Sample 9-
SD33 and Sample 10-SD50, comparing with uncoated concrete. 
4.7.2. 7 days test 
According to the study about the degradation of the concrete in the waste water 
system, the formation of gypsum (CaSO4⋅2H2O) is the dominant reaction in the presence 
of the biologically produced sulfuric acid. The formation of gypsum is an expanding 
process, which eventually results in cohesive loss in the concrete structure. 
The uncoated concrete (Fig. 4.25) was aggressively attacked after 7 days 
exposure to the 0.1 mol/l H2SO4 solution. In the cement matrix a large amount of 
degradation formation was found: from the higher magnification the degradation 
formation consisted of many flat sheet crystals. EDS was applied to analyze the 
composition of these crystals (rectangular area in Fig. 4.25 b). It confirmed that the 
degradation formation was gypsum. In this harmful sulfuric acid environment, 
deterioration occurred widely in the green concrete after 7 days. 
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Fig. 4.25. SEM images of the uncoated concrete after 7 days corrosion 
test: (a) low magnification and (b) high magnification, and the related EDS 
result. 
In Sample 10 (Fig. 4.26), the concrete substrate protected by the as-sprayed 
coating from the powder SD50, some degradation formation was found in the concrete 
close to the interface after the corrosion test. From the close observation, they were flat 
and sheet crystals, which were gypsum according to the EDS analysis. Compared with 
the uncoated concrete, the degradation formation in this case was much less, but still 
took place after the 7 day corrosion test due to the presence of the small open pores in 
this coating. 
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Fig. 4.26. SEM images of concrete with coating from powder SD50 
(Sample 10) after 7 days corrosion test: (a) low magnification and (b) high 
magnification, and the related EDS result. 
Sample 9 (Fig. 4.27), the concrete with the coating from the powder SD 33, after 
7 days exposure to the sulfuric acid, no obvious degradation formation was found in the 
concrete from the SEM images. EDS was utilized to further confirm the observation. No 
degradation formation was found in the concrete. It proved the good anti-corrosion ability 
of this coating preventing the concrete from the chemical attack of sulfuric acid solution. 
The results matched with the 24 h test, and also exhibited the long term function of this 
protective coating for the concrete substrate. 
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Fig. 4.27 SEM images of concrete with coating from powder SD 33 
(Sample 9) after 7 days corrosion test: (a) low magnification and (b) high 
magnification, and the related EDS result. 
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5. Discussion 
5.1. Optimization of the powder preparation 
It has been found that the preparation method has a predominate influence on 
the resulting coating powders. In the group of the powders prepared by dry ball milling, it 
is confirmed that the powders having a narrow particle size distribution possess a much 
better feeding rate in flame spraying, although the particles of the crushed powders have 
an angular shape. The advantage of the powders prepared by dry ball milling is low cost, 
compared to the spray dried powder requiring a specific equipment. However, from the 
evaluation of the coating powders for thermal spraying, the spray dried powder attracts 
significant attention due to its outstanding performance. Therefore, in this section the 
attention focuses on observing the effect of the suspension preparation and the process 
parameters on the resulting spray dried powders.  
In the process of spray drying, a water-based glass suspension is pumped going 
through a nozzle and then dried by the hot air into a dry powder having agglomerated 
particles. In general, it consists of five factors influencing the characteristics of the spray 
dried powders: type of atomizer, suspension preparation, feeding rate, drying 
temperature and atomizing pressure33. In our studying, the type of atomizer, the drying 
temperature and the pressure are constant, so the differences among the powders 
SD17, SD33 and SD50 are related to the suspension preparation and the consequent 
impacts on the process parameters of spray drying, e.g. feeding rate. The schematic 
process of the aggregates formed in spray drying is shown in Fig. 5.1: Firstly, liquid 
droplets are pumped going through the spray nozzle. Secondly water in the droplets is 
evaporated by the hot air, and at the same time the small glass particles diffuse further 
inside the droplets. Last spherical granules are formed with the agglomerated small 
particles. The preliminary results indicates that the glass content in the suspension 
significantly affects the feeding rate of the suspensions in spray drying and in turn 
influences the resulting powders: The increase of the glass content from 17 wt.% to 
33 wt.% decreases the feeding rate of the suspensions in spray drying from 35 ml/min to 
25 ml/min. The aggregates of the powder SD33 are bigger than those of the powder 
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SD17, and also the morphology of the aggregates changes from cluster to well-rounded 
shapes. It is due to the increase of the solid content resulting in an increase of the 
suspension viscosity and the amount of the particles in a single droplet; however further 
increase of the glass content to 50 wt.% in the suspension decreases the size of the 
aggregates in the powder SD50, because the effect of the glass content in spray drying 
is multifold: On one hand, the higher the glass content, the larger is the amount of the 
particles in a single droplet, leading to a larger size of the aggregates. However, on the 
other hand, the higher the glass content, the lower is the feeding rate of the suspension, 
resulting in a decrease of the aggregate size31. Besides, the presence of the cavities 
inside the aggregates is probably due to the fact that the decrease of the feeding rate 
extends the time period of the water-based droplets going through the hot medium, in 
turn increasing the water evaporation rate from the droplets, which becomes faster than 
the diffusion rate within the solid particles, resulting in the inner voids. 
 
Fig. 5.1. Schematic process of the granule formation during spray 
drying, and SEM image of the cross section of the resulting aggregates from 
the sprayed dried powders. 
Many researchers had proposed that it is necessary to add a binder into the 
suspension for spray drying to modify the inter-particles interaction in the aggregates of 
the spray dried powders. However, in our studying once the feeding rate and the 
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morphology of the resulting spray dried powders can arrive at the requirements for 
getting a stable flame spraying and an as-sprayed coating without open pores, the 
binder is not an essential part, decreasing the cost of spray drying and avoiding 
unexpected negative influence from the binder on the as-sprayed coatings. 
5.2. Mechanisms of pore formation and porosity measurement 
Many researchers analyzed the mechanism of the pore formation in the thermal 
sprayed coatings. Several different recourses of the pore formation have been proposed. 
The first one, widely accepted in this field, is formed as a result of entrapped gas, either 
from air pockets at the surface of the substrates or absorbed and entrapped gas 
between the impinging particles. The second kind of pore formation is due to unfilled 
gaps between the deposited particles and the substrate or the overlapped splats, and 
the resulting pores are named interstitial pores. The third kind of the pore formation, 
which has been less discussed, is formed by solidification shrinkage. 
The pores formed due to the entrapped gas at the beginning stage of the 
formation are normally round and small (the diameter is around several micrometers or 
sub-micrometer), and the edges of the pores are smooth. According to the dynamics of 
the gas bubbles within liquids, which was investigated by Li et al45, small gas bubbles 
could coalesce to form larger bubbles. This explanation of pore formation has been 
widely accepted, but the specialty of the pores formed by the entrapped gas in flame 
spraying glass powder is meaningful to be understood. Fig. 5.2 (a) shows a SEM image 
of the Sample 2 (100 cm spraying distance, without preheating, coating powder DB25-
63). It can be seen that within the glass droplets many small pores exist. Compared with 
the starting glass particles of the powder DB25-63 having angular shape, after being 
sprayed the shape of the particles becomes spherical indicating a well-molten state of 
the float glass particles. In the melting process of the glass particles, pores are likely due 
to the buildup of dissolved gas within the starting material, e.g. SO3. 
From the dotted circle in Fig. 5.2 (b) from Sample 10 (50 cm spraying distance, 
500 °C preheating, coating powder SD55), it has been found that some air pockets 
remain on the substrate surface resulting in small pores, even though preheating is 
carried out prior to spraying the powder. If the amount of these pores is beyond a certain 
range, the adhesive strength of the coating to the substrate is adversely affected.  
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Fig. 5.2. Morphology of pores formed differently, (a) gas trapped in 
deposited particles (Sample 2), (b) air-pocket at surface of the substrate 
(Sample 10), (c) interstitial pores with irregular shape (Sample 8), and (d) 
interstitial pores with sphere shape (Sample 5). 
The interstitial pores are formed due to lack of liquid from the molten coating 
material to fill the interstices between the overlapped particles. In our study, a typical 
example is found in Sample 8 (50 cm spraying distance, 500 °C preheating, coating 
powder DB63-100), shown in Fig. 5.2 (c). In this case the pores have a much bigger size 
than the pores from the entrapped gas, about 100 µm, and the morphology is irregular. 
The particle size of the applied coating powder in this Sample is big (63-100 µm), and 
after going through the flame the as-sprayed particles are partially melted. Therefore, 
the volume of the liquid from the molten particles is much smaller than that of voids 
between the overlapped particles, and the unfilled voids become pores after 
solidification and cooling, and edges of those pores remain angular. Those pores have 
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little probability to be sealed by the subsequent droplets40. It can explain why many open 
pores exist in Sample 8. 
Fig. 5.2 (d) shows the morphology of the pores from Sample 5 (50 cm spraying 
distance, 500 °C preheating, coating powder DB25-63). The smaller pores under 10 µm 
in this coating were from the entrapped gas. The bigger pores are spherical and have a 
size from 30 µm to over 100 µm. It is reasonable to assume that the bigger pores are 
formed by the unfilled interstices, because edges of these pores are not smooth, 
indicating the incompletely molten status of the as-sprayed particles. Compared to 
Sample 8, the Sample 5 offers more liquid to fill in the interstices, since the starting 
particle size of the powder DB25-63 used in Sample 5 is smaller that of the powder 
DB63-100 used in Sample 8.  
The pores from the solidification shrinkage are formed because of too much liquid 
in the spray upon impingement. This mechanism is contrary to the interstitial pores, and 
it normally happens in the case that the working temperature of the coating material is 
far lower than the temperature of the flame so that the viscosity of the impinging 
particles becomes very low. Nevertheless, this mechanism can be nearly excluded in 
this study, because the signs of incomplete melting of the glass particles are easily 
found in the samples. Therefore, it does not match with the mechanism of the 
solidification shrinkage.  
In a summary, the different possible mechanisms of the pores forming in the 
process of flame spraying are displayed schematically in Fig. 5.3 for easy understanding. 
5. Discussion 
73 
 
Fig. 5.3. Schematical diagram of flame spraying process and pores 
formation mechanism 
 
According to the introduction of the various techniques for measuring the porosity 
in the thermal sprayed coatings in section 2.3.2, in this study image analysis is chosen 
as the method to measure the porosity of the as-sprayed glass coatings on the concrete 
substrate. To clearly illustrate how it works in our case, an example is taken, shown in 
Fig. 5.4. Porosity within the glass coating from an original SEM image (Fig. 5.4 a) cannot 
be easily detected by image analysis, because the contrast between the dark pores and 
the more reflective areas of the coating is not sufficient. Therefore, the pore areas in the 
SEM image are filled by black color for the high degree of the contrast, like Fig. 5.4 b. 
One region in the coating is chosen (Fig. 5.4 c), and then it is transformed into a binary 
image (Fig. 5.4 d). The porosity is determined by counting the dark pixels. An average 
result is obtained by measuring the porosities at five random locations at each sample. 
5. Discussion 
74 
  
  
Fig. 5.4. Image analysis procedure for accurately measuring porosity of 
the as-sprayed coatings.  
The porosity obtained from the above measurement is two-dimensional, and 
cannot represent the actual porosity in a coating having three dimensions. This problem 
was earliest derived by Bach54 in the estimation of the sizes distribution of cellular 
particles in a thin tissue Sample with microscopy, and it was named Tomato Salad 
Problem. In succession it has been discussed by many researchers55,56, but all the 
solutions from them were very complicated, including iterative procedures and a random 
search process. Here a simple way is proposed to solve this problem. It is assumed that 
the pores in the coating are spherical, having an average radius (r), shown in Fig. 5.5. A 
2D pore is like a circle in a square, and 2D porosity (ϕ) is already known from the image 
analysis, so an average radius of the pores can be calculated according to equation 5.1. 
A 3D pore is like a sphere in a cube, so the 3D porosity (ø) can be calculated with the 
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known average radius, and then a relation between the 2D porosity (ϕ) and 3D porosity 
(ø) is set up according to equation 5.2. 
φ = π∙r2
𝐴
 ⇒ r = �φ∙A
π
 5.1 
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Fig.5.5. General configuration of modifying 2D porosity to 3D one 
According to the process of porosity measurement, the 2D and 3D porosities of 
the most promising Sample 9 (powder SD33) and Sample 10 (powder SD50) are 
measured and compared with the porosities of Samples 5 (powder DB25-63) and 8 
(powder DB63-100), shown in Fig. 5.6. It is found that Sample 9 possesses the lowest 
porosity. In addition, according to the modification of transferring the 2D porosity into 3D, 
the method of the image analysis overestimates the actual 3 dimensional porosity in the 
coatings. Although either the resulting 2D or 3D porosities can only determine the closed 
pores, which is not the most concerning factor in this study of producing a protective 
coating against corrosion, understanding how to determine the porosity has a guiding 
significance in evaluating the thermal sprayed coatings. 
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Fig. 5.6. Porosity of the as-sprayed coatings from Sample 5 (DB25-63), 
Sample 8 (DB63-100), Sample 9 (SD33) and Sample 10 (SD50). 
5.3. Influence of process parameters 
From the results of the coatings sprayed with different process parameters, it has 
been found that the spraying distance and the preheating temperature have a significant 
influence on the resulting coatings. The microstructure characterization of a single as-
sprayed splat is fundamental for better understanding the effect of the process 
parameters.  
Fig. 5.7 shows the typical SEM images of the splats formed by a single passing of 
flame spraying without or with 500 °C preheating, and in both cases the spraying 
distance is 50 mm and the applied powder is the powder SD33. From the lower 
magnification (Fig. 5.7 a and b), without preheating the as-sprayed individual splat has a 
smaller area than that of the splat sprayed with 500 °C preheating on the surface of the 
concrete. It is contributed to the fact that preheating on the surface of the substrate is 
helpful for the deposition of particles to spread and flatten upon impact. Besides, many 
interstitial pores exist in the splats in both cases because of the insufficient liquid filling 
up the gaps between the overlapped particles. From the higher magnification (Fig. 5.7 c 
and d), in the splat sprayed without preheating many small and round open pores exist, 
and according to the discussion about pores forming mechanism they are formed by gas 
escaping from the liquid. The splat sprayed with 500 °C preheating has much less pores 
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from the escaped gas, because on one hand preheating removes the residual moisture 
from the substrate surface prior to spraying, and on the other hand it slows the process 
of solidification and cooling down, giving more time for the liquid to seal the pores. Under 
closer investigation (Fig. 5.7 e and f), without preheating many deposited particles do 
not flatten but maintain a spherical shape, and cavities exist in some droplets, because 
the pressure inside the molten droplets may not be enough to overcome surface tension 
and drive the liquid to fill the small cavities. It can be concluded that preheating does not 
only improve the flattening-ability of the deposited particles upon impact, increasing the 
bonded area at the interface, but also extends the solidification time for excluding the 
pores from the entrapped gas and decreases the surface tension of the molten particles 
to eliminate the cavities in the glass droplets. 
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Fig. 5.7. SEM images of the layer from a single run of spraying on the 
concrete substrate without or with 500 °C preheating, (a), (c) and (e) without 
preheating, (b), (d) and (f) with 500 °C preheating 
The microstructure of the splats deposited by a single pass of flame spraying with 
different spraying distances (50 mm and 100 mm) are compared in the Fig. 5.8, and in 
both cases no preheating is applied and the coating material is the powder SB33. From 
the lower magnification (Fig. 5.8 a and b), it can be found that the area of the single splat 
deposited at 100 mm distance is much smaller than that of the splat sprayed at 50 mm 
distance. From the higher magnification (Fig. 5.8 c and d), when the spraying distance is 
100 mm, the sprayed particles agglomerate into individual bigger droplets staying on the 
surface of the substrate, rather than flattening and coalescing into a layer like the splat 
sprayed at 50 mm distance. It leads to a great deal of non-bonded areas at the interface. 
In succession it reduces the bonding ratio28 (the ratio of the total bonded area to the total 
apparent interface area of the overlapped particles). The differences result from the fact 
that the spraying distance affects the temperature of the substrate and the velocity of the 
fed particles, thus influences the splat morphology and the adhesive performance. With 
a lower spraying distance of 50 mm, the substrate possesses a higher temperature 
favoring flattening, and the higher velocity of droplets impinging upon the substrate 
promotes the mechanical anchorage. A longer spraying distance of 100 mm has the 
opposite effect. 
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Fig. 5.8. SEM images of the layer from a single passing of spraying on 
the concrete substrate with different spraying distance (a), (c) and (e) 50 mm, 
(b), (d) and (f) with 100 mm. 
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1. Float glass was chosen as the coating materials due to its low-cost, its availability in 
large volumes, and a favorable thermal expansion coefficient (α) having a small 
mismatch with the α of the concrete substrate. The preparation methods (dry ball 
milling and spray drying) have a significant influence on the properties of the coating 
powders, namely the particle size distribution, the morphology and their feeding rate 
during flame spraying.  
2. Flame spraying can be used to apply a glass coating onto the surface of the concrete 
feasibly and efficiently. From investigating the temperature profile of the concrete 
during flame spraying, it is confirmed that the high temperature of the application 
process is endurable for the concrete substrate, and even if the high temperature of 
the flame adversely affects the surface or the upside part of the concrete, a later 
remediation (self-healing by rehydration) takes place. 
3. The process parameters of flame spraying have a considerably effect on the as-
sprayed coatings. Compared to spraying distances of 150 mm and 100 mm, it is 
evident that 50 mm is the most satisfactory spraying distance to deposit a glass 
powder getting a dense as-sprayed coating on the concrete substrate. Concerning 
the function of preheating on the substrate surface, without preheating the impinging 
particles with high temperature arriving at the surface of the substrate cannot 
produce a homogeneous adhesion upon impact, resulting in the delamination at the 
interface. 500°C preheating does not only improve the adhesive performance 
between the as-sprayed coating and the substrate, but also minimizes the porosity in 
the coatings. 
4. Water glass (SiO2-Na2O) was applied as the intermediate bonding layer, since it had 
a lower temperature for softening, and in turn improved the adhesive performance at 
the interface to some extent. However, the as-sprayed bonding layer was quite 
porous and did not help to close the open pores in the consequent top coating from 
the float glass. Besides, two rounds of flame spraying overheat the concrete. 
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5. The feed stock of the coating powders played a dominate role in the properties of as-
sprayed coating. When the dry ball-milled powders (DB25-63 and DB63-100) are 
applied, the as-sprayed coatings are uneven and have many open pores. When the 
spray dried powders (SD33 and SD50) are utilized, smooth coatings are produced 
having a better performance with no obvious open pores or cracks. There are two 
main mechanisms of the pore formation in the flame sprayed glass coatings. The 
pores from the entrapped gas inside the deposited particles and at the surface of the 
substrate are normally round and small, and the edges of those pores are smooth. 
Another mechanism is called the interstitial pores formed due to lack of liquid from 
the molten deposits to fill the interstices between the overlapped particles. When the 
starting particle size is big (63-100 µm), the interstitial pores have a size about 
100 µm, and the morphology of the pores is flat and irregular. Those pores have little 
probability to be sealed by the subsequent spraying, resulting in the open pores. 
When the starting particle size of the coating powder is small (25-63 µm), the 
interstitial pores in the coatings become spherical, but the vestige of the liquid filling 
into the interstices is still visible from the sharp edges of those pores. 
6. The tensile bonding strength of the coatings was evaluated. Failure in the test for the 
samples occurs in the upper part of the concrete, indicating a good adhesive 
performance between the as-sprayed coatings and the substrates.  
7. In the short term corrosion test (24 h), the as-sprayed coating from the powder SD33 
(Sample 9) completely inhibits the penetration of the H2SO4 solution going through 
the coating into the concrete. In the long term test (7 days), compared to a large 
amount of degradation taking place in the uncoated concrete, no corrosion product 
formation (gypsum) is found in the concrete protected by the as-sprayed coating from 
the powder SD33 (Sample 9), indicating its extraordinary corrosion resistance. 
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7. Prospect 
This study shows that it is feasible to apply a protective coating from float glass 
with flame spraying onto the concrete substrate to improve its corrosion resistance. This 
application can be utilized to improve the lifetime of the concrete pipes used in 
wastewater systems.  
To carry out this coating on the inner surface of the concrete pipes at a large 
scale, there are two options based on this study: One is to apply on-site coatings on the 
pipes. Another is to utilize factory-made coated sewer pipes. 
To further evaluating the corrosion resistance of the glass coatings, the coated 
concrete should be tested under circumstances simulating the actual wastewater 
systems. The service condition of the concrete pipes in the sewage facilities is normally 
wet, so it is critical to investigate the performance of the protective coating on the wet 
concrete. The real biologically produced acid should be used as the media in the 
corrosion test instead of the laboratory prepared H2SO4 solution. 
The results of this study helped to gain a Deutsche Forschungsgemeinschaft 
(DFG) sponsored project which will help to clarify the technological questions, and to 
organize both process and materials.  
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